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1.  SUMMARY 


1 . 1 GENERAL 

The  construction  of  new  rail  rapid  transit  systems  and 
additions  to  existing  systems  has  greatly  increased  the 
amount  of  tunneling  performed  in  the  United  States.  Since 
these  transit  systems  are  generally  located  in  urban  areas, 
tunneling  is  used  to  minimize  the  impact  of  the  construction 
on  the  community. 

Prior  to  construction,  a thorough  evaluation  of  the 
geotechnical  parameters  determined  from  the  site  investiga- 
tion program  must  be  accomplished  during  the  selection  of 
the  tunnel  alignment,  to  evaluate  methods  of  construction, 
groundwater  control,  and  temporary  or  permanent  support 
structures.  It  is  equally  important  that  additional  infor- 
mation be  obtained  on  a continuing  basis  as  the  tunnel  is 
constructed,  so  that  knowledge  of  geotechnical  parameters, 
ground  performance  and  construction  procedures  may  be  con- 
tinuously evaluated  and  refined. 

A variety  of  advanced  exploration  techniques,  geo- 
physical procedures  and  instrumentation  programs  are 
available  that  can  provide  additional  information  from 
boreholes,  as  well  as  between  the  boreholes  to  effect  more 
economical  exploration  programs.  These  procedures  have  the 
potential  to  reduce  the  uncertainties  regarding  the  occur- 
rence and  physical  properties  of  rock,  soil  and  ground  water 
between  the  boreholes.  Although  the  opportunity  for  cost 
savings  in  the  cycle  of  planning,  design  and  construction  has 
generally  been  applied  to  tunnel  support  and  lining  systems, 
and  to  a lesser  extent  to  construction  techniques,  the  opti- 
mization of  the  tunnel  lining  system  and  construction  tech- 
nique depends  on  the  accuracy  and  the  completeness  of  the 
subsurface  exploration  data.  Therefore,  increasing  atten- 
tion is  being  given  to  innovative  exploration  techniques. 


1.2  OBJECTIVE 

The  objective  of  this  study  is  to  evaluate,  through  the 
use  of  a field  demonstration  project,  the  feasibility, 
applicability,  reliability,  and  cost  effectiveness  of 
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selected  advanced  methods  of  subsurface  exploration  and 
instrumentation  to  produce  data  usable  for  rapid  transit 
tunnel  design  and  construction  within  the  time,  cost,  and 
schedule  constraints  common  to  the  industry.  I 

The  various  exploration  procedures  selected  for  field 
evaluation  may  be  grouped  into  two  categories,  "Direct"  and 
"Indirect".  "Direct"  methods  provide  data  relative  to  geo- 
technical parameters  and  stratigraphy  from  direct  measure-  j 

ments  made  in  the  field.  "Indirect"  methods  provide  physical  v 

evidence  of  subsurface  conditions  but  require  correlations  ij 

with  known  conditions  through  direct  measurements.  For  I 

example,  most  geophysical  methods  fall  into  the  indirect 
category. 

A test  section  on  the  Massachusetts  Bay  Transportation 
Authority  (MBTA)  Red  Line  Extension  - Northwest,  Cambridge, 
Massachusetts,  was  selected  to  evaluate  direct  and  indirect 
methods  of  subsurface  explorations  used  to  investigate  1 

stratigraphy,  ground  water  levels,  bedrock  structure,  and 
other  geotechnical  parameters.  j 

The  majority  of  the  exploration  methods  were  employed 
at  the  location  of  mixed-face  tunneling  at  a depth  of  : 

approximately  100  feet  below  ground  surface.  Overburden  . 

soils  consist  primarily  of  a saturated,  very  dense,  glacial 
till  containing  cobbles  and  boulders.  The  site  represents  a ! 

typical  urban  setting  with  the  test  section  located  under  a ^ 

major,  four-lane  divided  street,  with  structures  adjacent  on  j 

both  sides.  The  areas  investigated  will  be  excavated  during  j 

construction  of  the  tunnels  to  permit  observation  of  actual 
stratigraphy  and  a comparison  with  predicted  stratigraphy.  ’ 

Because  of  the  natural  time  lag  between  the  investiga-  ; 

tion  and  construction,  two  stages  of  investigation  are  being  '1 

pursued  and  reported.  Stage  I,  (the  subject  of  this  report) 
entitled,  "Field  Evaluation  of  Advanced  Methods  of  Subsurface  i 

Explorations  for  Transit  Tunneling"  includes  an  evaluation 
of  various  types  of  field  explorations,  geophysical  measure- 
ments, in  situ  testing,  and  procedures  necessary  to  predict 
probable  subsurface  conditions.  Stage  II,  entitled,  "Field 
Evaluation  of  Advanced  Methods  of  Geotechnical  Instrumenta- 
tion and  Monitoring  for  Transit  Tunneling"  will  include  an 
evaluation  of  geotechnical  instrumentation  procedures  em- 
ployed and  geologic  mapping  necessary  to  evaluate  the  accu-  ! 

racy  and  applicability  of  predictions  made  during  Stage  I ? 

and  to  document  the  actual  effects  of  tunneling  on  ground 
movements  and  ground  water  levels  within  the  study  area. 


1-2 


This  study  is  being  sponsored  by  the  Transportation 
Systems  Center  (TSC)  on  behalf  of  the  Office  of  Rail  and 
Construction  Technology  of  the  Urban  Mass  Transportation 
Administration  CUMTA) , Office  of  Technology  Development  and 
Deployment,  U.S.  Department  of  Transportation  (DOT). 


1.3  RESULTS 

Specific  predictions  of  stratigraphy  within  the  test 
section  are  summarized  on  the  geological  profiles  in  Appen- 
dix B and  are  discussed  in  Section  9 of  this  report.  These 
predictions  will  be  compared  with  actual  stratigraphy  encoun- 
tered during  tunnel  driving. 

Section  10  presents  a summary  and  analysis  of  the  explo- 
ration costs,  and  Section  11  presents  conclusions  with  res- 
pect to  the  applicability  and  performance  of  various  explo- 
ration methods. 

Certain  exploratory  techniques,  with  merit  but  beyond 
the  scope  of  this  demonstration  project,  were  researched 
and  reviewed  in  detail,  and  a discussion  is  presented  in 
Section  8 of  the  report.  These  methods  include  horizontal 
drilling,  acoustical  logging,  and  thermometric  surveys. 

1.4  CONCLUSIONS 

A summary  of  the  evaluation  of  various  exploratory  methods 
included  in  this  study  is  provided  in  Table  1-1. 

a.  Standard  Methods  of  Exploration: 

Standard  methods  of  exploration  were  used  to  obtain 
samples  and  identify  stratigraphy  for  use  as  correlation 
to  the  advanced  methods  of  exploration.  Due  to  the 
difficulty  in  drilling  and  sampling  of  glacial  till 
soils,  an  assessment  was  made  of  the  effectiveness 
of  the  standard  methods. 

1.  The  selection  of  the  most  economical  and  satis- 
factory method  of  overburden  drilling  involves 
an  evaluation  of  numerous  boring  advancement 
and  stabilization  techniques  with  consideration 
of  the  types  of  formations  penetrated  and  the 
type  of  samples  obtained.  The  selection  of 
contractors  to  perform  sophisticated  exploratory 
methods  should  be  based  on  contractor  expertise, 
experience,  and  equipment  capabilities. 
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2. 


The  use  of  standard  split-spoon  drive  samplers 
and  the  associated  standard  penetration  test 
retained  its  position  as  the  primary  method 
of  overburden  sampling.  Attempts  at  sampling 
glacial  till  soils  with  Denison  and  Pitcher 
samplers  met  with  limited  success  due  to  the 
presence  of  cobbles  and  boulders  in  the  till. 
However,  the  use  of  a diamond-bit  rotary  core 
barrel  sampling  of  till  soils  was  successful. 

3.  The  use  of  double  tube,  swivel-type  core 
barrels  with  split-inner  liners  and  triple 
tube,  swivel-type  core  barrels  were  considered 
most  satisfactory  for  rock  coring. 

b.  Advanced  Methods  of  Exploration: 

1.  Nuclear  geophysical  logging  was  found  to  be 
rapidly  and  easily  implemented  in  the  urban 
environment.  The  nuclear  logging  information 
obtained  supported  the  correlation  explorations, 
in  addition  to  further  defining  stratigraphy  and 
local  anomalies  which  were  not  detected  by  con- 
ventional exploration. 

2.  The  signal  enhanced  seismic  velocity  logging 
successfully  obtained  clear  unambiguous  data. 

The  use  of  a single  electric  blasting  cap  as 
an  impulse  source  was  found  to  be  adequate  for 
signal  transmission  up  to  150  feet. 

3.  Electric  borehole  logging  was  difficult  to 
accomplish  due  to  the  need  to  maintain  a stable 
uncased  borehole  and  the  electrical  interference 
present  in  an  urban  environment. 

4.  The  Integral  Sampling  Method,  a relatively  expen- 
sive procedure,  has  demonstrated  the  ability  to 
recover  samples  of  oriented  rock  core  in  highly 
fractured  formations.  However,  modifications 
are  required  for  implementation  in  open-jointed 
rock . 

TM 

5.  The  ODEX  system  has  the  capability  to  rapidly 
advance  unsampled,  cased  boreholes  in  soils  com- 
patible with  the  equipment.  The  system  was 
found  to  be  incompatible  with  the  fine-grained 
saturated  soils  in  the  test  section.  Noise 
levels  were  determined  to  be  excessive  for  use 
in  urban  areas. 
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6.  The  researched  advanced  exploratory  tech- 
niques of  horizontal  drilling,  thermometric 
logging  and  acoustic  exploration  show  posi- 
tive potential  for  application  as  explora- 
tory methods.  The  efforts  and  costs  required 
to  implement  these  methods  are  highest  for 
horizontal  drilling. 

7.  Until  such  time  as  equipment  and  procedures 
are  developed  to  permit  rapid  and  economic 
advancement  of  supplemental  unsampled  holes, 
all  explorations  in  urban  areas  will  continue 
to  be  advanced  with  appropriate  sampling  pro- 
cedures. Under  such  circumstances,  indirect 
borehole  logging  procedures  such  as  many  of 
the  geophysical  methods,  must  be  justified 
based  on  their  ability  to  detect  minor  anom- 
alies between  samples,  or  their  ability  to 
measure  parameters  which  cannot  be  determined 
with  other  techniques. 

8.  The  full  potential  and  optimum  use  of  many  of 
the  advanced  geophysical  logging  techniques 
is  intimately  tied  to  the  rapid  and  low  cost 
advancement  of  unsampled  holes  between  sampled 
holes.  To  permit  more  accurate  extrapolation 
of  stratigraphy  based  on  indirect  borehole  geo- 
physical methods,  future  emphasis  must  be 
placed  on  equipment  capable  of  rapid,  low  cost, 
unsampled  hole  advancement. 
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TABLE  1-1 


COMPARATIVE  SUMMARY  OF  STUDY  EXPLORATORY  METHODS 


EXPLORATORY  METHOD 

URBAN 

APPLICABILITY 

CURRENT- 
USAGE  ® 

AVAILABILITY 
OF  - 

METHOD  CD 

VALUE  ADDED 
IN  EXPLORATTOr^ 
PROGRAM  © 

RELATIVE^ 
COSTS  ^ 

DIRECT 

INDIRECT 

OVERBURDEN  DRILLING 

Cased  Wash  Boring 

x 

High 

1 

1 

1 

High 

Uncased  Mudded  Boring 

X 

High 

1 

1 

1 

Medium 

Continuous  Sampled  Boring 

X 

High 

1 

1 

1 

Medium 

ODEX  Drilling 

X 

Low 

3 

4 

2 

High 

OVERBURDEN  SAMPLING 

Split-Spoon  Sampler 

X 

High 

1 

1 

1 

Low 

Denison  Sampler 

X 

High 

1 

1 

3 

High 

Pitcher  Sampler 

X 

High 

1 

1 

3 

High 

Rotary  Core  Barrel 

X 

High 

3 

1 

3,4 

Medium 

ROCK  SAMPLING 

Single -Tube  Barrel 

X 

High 

3 

1 

7 

Medium 

Double-Tube  Barrel 

X 

High 

1 

1 

1 

Medium 

Double-Tube  Split  Barrel 

X 

High 

1 

1 

3 

Medium 

Triple-Tube  Split  Barrel 

X 

High 

2 

1 

3 

Medium 

Integral  Sampling  Method  (ISM) 

X 

High 

3 

4 

3 

Hign 

IN-SITU  TESTING 

Permeability  Tests 

X 

High 

1 

1 

1 

Low 

Water  Pressure  Tests 

X 

High 

1 

1 

1 

Medium 

Observation  Wells 

X 

High 

1 

1 

1 

Low 

Piezometers 

X 

High 

1 

1 

1 

High 

GEOPHYSICAL  SURVEYS 

Nuclear  Logging 

X 

High  to  Medium 

2 

3 

2, 4, 5, 6 

High 

Electric  Logging 

X 

Medium  to  Low 

2 

3 

2, 4, 5, 6 

Medium 

Signal/Enhanced  Seismic  Vel.-  Downhole 

X 

High  to  Medium 

2 

3 

2, 4, 5, 6 

High 

Signal/Enhanced  Seismic  Vel.-  Surface 

X 

Medium 

2 

3 

2, 4, 5, 6 

Low 

RESEARCH  EXPLORATORY  TECHNIQUES 

Hor  i zonta  1 DrXl  1 i n'g 

X 

Medium 

4 

4 

4,5 

High 

Thermometric  Surveys 

X 

High 

3 

4 

4,5,6 

Medium 

Acoustic  Borehole  Logging 

X 

Medium 

3 

4 

4,5,6 

High 

Acoustic  Emission  Monitoring 

X 

Low 

3 

2 

4,5,6 

Low 

Acoustic  Sounding 

X 

Low 

2 

2 

4,5,6 

Medium 

NOTES; 


© 


© 


© 


© 


1.  High  usage  in  exploration  for  transit  tunneling. 

2.  Low  usage  in  exploration  for  transit  tunneling  but  medium  to  high  usage  in  non->transit 
tunneling  applications. 

3.  Low  usage  in  exploration  programs. 

4.  Low  usage  - underdevelopment. 

1.  High  availability. 

2.  High  availability,  requires  specialized  equipment. 

3.  Medium  availability,  requires  specialty  consultant  and  specialized  equipment. 

4.  Low  availability,  requires  specialty  consultant  and/or  specialized  equipment. 

1.  Base  method. 

2.  Improvement  in  rate  of  exploration. 

3.  Improvement  in  quality  of  samples  obtained. 

4.  Provides  increased  continuity  of  data. 

5.  Provides  confirmation  of  data  obtained  using  other  methods. 

6.  Provides  new  data. 

7.  Method  of  little  value  and  generally  should  not  be  used. 

Relative  costs  are  compared  within  each  category  of  exploration  method,  and  also  reflect 
necessary  preparatory  work  prior  to  the  implementation  of  the  method.  Any  decision  on 
exploration  method  should  not  be  based  solely  on  cost,  but  on  obtaining  the  maximum  infor*> 
mation  consistent  with  project  objectives,  subsurface  conditions,  and  cost. 


2»  INTRODUCTION 


2 . 1 GENERAL 

The  expansion  of  rapid  rail  transportation  in 
urban  areas  throughout  the  United  States  has  caused  a care- 
ful examination  of  alternatives  to  surface  transportation 
systems.  Construction  of  rail  systems  in  an  urban  environ- 
ment, with  surface  space  already  limited  due  to  existing 
development  and  the  necessity  to  minimize  impact  on  the 
community,  has  created  increased  demands  on  the  use  of  under- 
ground space. 

The  use  of  underground  space  for  rail  transportation 
involves  the  below-grade  construction  of  stations  and  inter- 
connecting tunnels.  The  basis  for  the  successful  design  and 
construction  of  these  facilities  is  accurate  information 
followed  by  sound  decision  making  on  alternatives  such  as 
alignment,  construction  methods,  and  physical  design  of  tun- 
nels, stations  and  appurtenant  facilities.  The  acquisition 
of  comprehensive  subsurface  information  as  early  as  possible 
in  the  planning  and  design  process  can  do  much  to  improve 
this  decision  making  process. 

With  tunnel  construction,  the  potential  cost  and  sched- 
ule impact  of  variable  subsurface  conditions  along  the  align- 
ment are  much  greater  than  with  surface  construction.  There- 
fore, improvements  in  data  acquisition  by  using  advanced  and 
mutually  supportive  exploration  techniques  should  result  in 
cost  effective  improvements  in  planning,  design  and  construc- 
tion. 


The  construction  costs  associated  with  tunneling  are 
largely  dependent  on  the  medium  through  which  the  tunnel  is 
driven.  The  cost  of  the  permanent  structure  itself  may  vary 
considerably,  depending  on  the  geological  unit  within  which 
it  is  constructed.  Most  of  the  construction  cost  is  incurred 
for  shaft  and  tunnel  excavation,  temporary  and  permanent 
ground  stabilization  and  support,  utility  relocation  or  sup- 
port, and  protection  of  existing  structures. 

Selection  of  ground  support  systems,  optimization  of 
excavation  and  construction  processes,  underpinning  of  struc- 
tures, utility  relocation,  and  other  significant  construction 
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cost  items  are  influenced  or  dictated  by  data  developed  by 
the  geotechnical  exploration  program. 

It  is  of  critical  importance  that  the  tunnel  design 
engineer  obtain  as  much  detailed  information  as  possible 
about  the  subsurface  geological  conditions  prior  to  the 
actual  tunnel  construction.  A thorough  evaluation  of  the 
geotechnical  parameters , determined  from  the  site  investiga- 
tion program,  must  be  accomplished  during  the  selection  of 
the  tunnel  alignment,  to  evaluate  methods  of  construction, 
groundwater  control,  and  temporary  or  permanent  support 
structures.  It  is  equally  important  that  additional  informa- 
tion be  obtained  on  a continuing  basis  as  the  tunnel  is  con- 
structed, so  that  knowledge  of  geotechnical  parameters, 
ground  performance  and  construction  procedures  may  be  con- 
tinuously evaluated  and  refined. 

The  physical  parameters  which  established  the  alignment 
of  the  tunnel  in  the  first  place,  can  also  put  severe  limita- 
tions on  the  scope  of  a site  investigation.  It  may  be  impos- 
sible to  obtain  subsurface  infoirmation  at  certain  locations 
due  to  topographical  constraints  or  urban  development. 

Subsurface  exploration  methods  and  procedures  may  vary 
along  the  proposed  alignment , depending  on  the  geological 
conditions  and  environmental  considerations  which  are  encoun- 
tered. Even  with  specialized  equipment,  there  is  a potential 
that  representative  in-situ  samples  cannot  be  obtained  or  are 
disturbed  during  the  recovery  process.  The  diameters  of  the 
exploratory  boreholes  are  small,  relative  to  the  interbore- 
hole spacing;  therefore,  the  subsurface  conditions  between 
the  explorations  are  inferred  and  not  specifically  known. 

The  interpretations  of  the  geological  conditions  along  the 
majority  of  the  tunnel  route  are  based  on  these  limited  explo- 
rations. Care  must  be  exercised  by  the  tunnel  designer  at 
this  stage  of  design  so  that  assumptions  are  not  made  which 
lead  to  additional  expense  and  unwarranted  hazards  during 
the  construction  of  the  tunnel. 

A variety  of  advanced  exploration  techniques , geophysi- 
cal procedures  and  instrumentation  techniques  are  available 
that  can  provide  additional  information  from  boreholes,  and 
more  economical  exploration  programs,  as  well  as  provide  addi- 
tional data  between  the  boreholes.  These  procedures  nave  tne 
potential  to  reduce  the  uncertainties  regarding  the  occurence 
and  physical  properties  of  rock,  soil  and  ground  water  between 
the  boreholes.  Many  geophysical  methods  have  been  employed 
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successfully  for  a number  of  years  in  the  oil  and  mineral 
exploration  field,  but  have  not  gained  wide  acceptance  on 
civil  engineering  projects. 

A well-integrated  subsurface  exploration  program,  for 
an  urban  transit  tunnel  project  (to  minimize  uncertainties 
and  decrease  potential  liability)  would  include  a detailed 
geological  reconnaissance  and  a subsurface  exploration  pro- 
gram. The  exploratory  holes  would  be  used  for  sampling, 
in-situ  and  laboratory  testing,  indirect  geophysical  surveys, 
and,  finally,  for  the  installation  of  monitoring  instruments 
to  record  ground  performance  during  tunnel  construction.  In 
addition,  for  areas  of  intense,  complex  or  expensive  construc- 
tion activity,  it  might  be  necessary  to  employ  more  costly, 
site-specific  investigations,  such  as  horizontal  alignment 
explorations,  vertical  inspection  shafts,  or  pilot  tunnels. 

Thus,  there  are  direct  benefits  in  pre-tunneling  sub- 
surface investigations  which  maximize  the  use  of  state-of- 
the-art  equipment,  techniques  and  analysis. 


2.2  PURPOSE  AND  SCOPE 

The  opportunity  for  cost  savings  in  the  design  and  con- 
struction of  transit  tunneling  has  generally  been  applied 
to  tunnel  support  and  lining  systems,  and,  a lesser  extent, 
to  construction  techniques.  Optimization  of  the  tunnel 
lining  system  and  construction  technique  depends  on  the  accu- 
racy and  completeness  of  subsurface  exploration  data.  There- 
fore, increasing  attention  is  being  given  to  relatively  new 
and  advanced  methods  of  exploration  and  monitoring  tech- 
niques . 

The  United  States  Department  of  Transportation,  through 
its  modal  elements,  has  sponsored  several  research  studies 
on  the  subject  of  subsurface  exploration  and  instrumentation 
methods  applicable  to  tunneling  projects.  Although  these 
studies  provided  excellent  recommendations  for  new  explora- 
tion methodologies  and  procedures,  none  had  been  thoroughly 
tested  and  evaluated  under  actual  field  conditions  in  asso- 
ciation with  a current  transit  tunneling  project. 

The  Massachusetts  Bay  Transportation  Authority  (MBTA) 
is  presently  in  the  early  stages  of  construction  of  an 
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extension  of  its  Red  Line  subway  system  from  Harvard  Square 
Station  to  Alewife  Brook  Station  in  Cambridge,  Massachusetts. 
This  Northwest  Extension  project  is  a 3.1  mile  addition  to 
the  MBTA's  existing  network  of  120  miles  of  rapid  transit 
lines  which  serve  the  greater  metropolitan  Boston  area.  The 
proposed  tunnel  construction  presents  an  excellent  oppor- 
tunity to  fully  evaluate  the  more  promising  advanced  tech- 
niques and  equipment  for  subsurface  exploration  and  instru- 
mentation from  inception  to  conclusion  of  transit  tunnel  con- 
struction (Figure  2-1) . 


FIGURE  2-1.  MBTA  RED  LINE  EXTENSION  NORTHWEST, 
PORTER  SQUARE  STATION  PILOT  TUNNEL 
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This  field  demonstration  project  was  conceived  and 
executed  with  the  following  objectives  in  mind: 

a.  To  employ  selected  procedures  for  borings,  soil  and 
rock  sampling,  in-situ  testing,  geophysical  methods,  and 
construction  monitoring  on  an  on-going  transit  tunnel  project. 

b.  To  evaluate  the  feasibility,  applicability,  reli- 
ability and  cost  effectiveness  of  the  selected  exploration 
and  instrumentation  techniques. 

c.  To  use  the  selected  techniques  to  define  the  real 
and  relevant  geotechnical  unknowns  in  a test  section  or  at 
specific  test  points  along  the  route  of  the  MBTA  Red  Line 
Extension. 


d.  To  evaluate  the  accuracy  of  the  geotechnical  predic- 
tions with  appropriate  field  instrumentation  and  monitoring 
and  geologic  mapping  during  construction. 

e.  To  evaluate  the  performance  and  reliability  of 
selected  items  of  geotechnical  instrumentation  installed  for 
the  project. 

f.  To  demonstrate  the  effectiveness  of  instrumentation 
and  monitoring  during  construction  in  documenting  the  effects 
of  tunneling  on  adjacent  structures. 

g.  To  provide  data  during  construction  for  use  by 
designers  and  contractors  which  can  be  employed  to  evaluate 
tunneling  procedures  and  their  effects  on  ground  deformations 
so  that  modifications  could  be  employed  in  critical  areas. 

h.  To  provide,  in  report  form,  a document  that  assesses 
the  feasibility,  applicability,  reliability,  and  cost  effect- 
iveness of  the  exploration  and  instrumentation  methods  applied 
to  this  tunnel  beyond  "those  methods  and  instruments  tradition- 
ally employed  in  projects  of  this  type,  the  report  to  serve 

as  a reference  for  other  tunnel  designers  and  geotechnical 
consultants . 

Certain  worthwhile  exploratory  techniques  beyond  the 
scope  of  this  demonstration  project  were  researched  and 
reviewed  in  detail,  and  a discussion  presented  in  the  text 
of  the  report.  These  methods  include  horizontal  drilling, 
acoustical  logging,  and  thermometric  surveys. 
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Two  stages  of  investigation  are  pursued  and  reported. 
Stage  I,  entitled,  "Field  Evaluation  of  Advanced  Methods  of 
Subsurface  Explorations  for  Transit  Tunneling"  includes  an 
evaluation  of  various  types  of  field  explorations , geophysi- 
cal measurements,  in-situ  testing,  and  procedures  necessary 
to  predict  probable  subsurface  conditions.  This  report  docu- 
ments Stage  I investigations. 

Stage  II,  entitled,  "Field  Evaluation  of  Advanced 
Methods  of  Geotechnical  Instrumentation  and  Monitoring  for 
Transit  Tunneling"  will  include  an  evaluation  of  geotechnical 
instrumentation  procedures  employed  and  geologic  mapping 
necessary  to  evaluate  the  accuracy  and  applicability  of  pre- 
dictions made  during  Stage  I and  to  document  the  actual  ef- 
fects of  tunneling  on  ground  movements  and  groundwater  levels 
within  the  study  area.  Stage  II  investigations  will  be  docu- 
mented in  a future  report. 
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3.  SOIL  AND  ROCK  CHARACTERISTICS 
SIGNIFICANT  IN  TUNNELING 


3.1  SIGNIFICANT  SOIL  AND  ROCK  CHARACTERISTICS 

Identification  of  significant  soil  and  rock  characteris- 
tics is  essential  in  order  to  safely  and  economically  design 
and  construct  a tunnel.  Design  operations  such  as  selecting 
horizontal  and  vertical  alignment;  temporary  and  final  ground 
support  systems;  certain  contract  specified  construction 
methods  like  use  of  compressed  air  and  control  of  ground- 
water;  and  establishing  the  zone  of  influence  due  to  tunnel- 
ing and  the  corresponding  criteria  for  determining  building 
protection  measures,  all  require  knowledge  of  subsurface 
characteristics.  In  addition,  the  construction  contractor 
must  be  provided  with  information  on  subsurface  characteris- 
tics he  can  readily  understand  and  use.  This  information  is 
needed  in  order  to  plan  his  construction  schedule,  to  select 
appropriate  tunneling  methods  and  equipment,  and  to  establish 
procedures  for  control  of  the  ground  and  protection  of  third- 
party  property. 

In  order  for  any  soil  or  rock  characteristic  to  be  sig- 
nificant in  design  or  construction,  it  must  first  relate  to 
a problem  that  must  be  solved  for  a particular  tunneling 
project.  For  example,  establishing  the  zone  of  influence  of 
tunneling  may  not  be  required  in  unpopulated  areas.  Also, 
the  soil  and  rock  characteristics  must  be  determined  with 
sufficient  accuracy,  in  consideration  of  material  and  spatial 
variations , to  make  the  solution  of  the  problem  valid  and 
realistic. 

Heuer  (14-22)  describes  some  typical  tunneling  problems, 
all  of  which  involve  a knowledge  of  the  subsurface  conditions 
in  their  solution.  As  an  illustration,  and  in  no  way  imply- 
ing that  these  are  the  only  problems  that  must  be  considered, 
some  of  these  problems  are: 

a.  Excavation: 

1.  Standup  time 

2.  Face  conditions 

3 . Quantity  of  water 

b.  Support  of  Excavation: 

1.  Ground  loads 

2.  Design  load  on  tunnel  support 
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c.  Environmental  Impact: 

1.  Subsurface  subsidence 

2.  Building  protection 

3.  Health  and  safety 

d.  Long-Term  Tunnel  Performance 


3.2  TIMING  FOR  MAXIMUM  BENEFIT  OF  INFORMATION 

The  solution  to  these  problems  involves  making  decisions. 
Schmidt  (13-16)  has  described  some  of  the  typical  decisions, 
and  the  time  when  these  decisions  need  to  be  made  in  the 
sequence  of  design  and  construction.  Decisions  such  as  line 
and  grade,  tunnel  versus  cut-and-cover  type  construction,  and 
policies  on  support  systems,  building  and  utility  protection, 
and  general  construction  techniques  are  made  early  in  the 
project  planning  and  feasibility  stage.  Subsurface  informa- 
tion available  at  this  stage  may  not  be  complete  enough,  due 
to  a variety  of  reasons,  to  adequately  represent  ground  con- 
ditions for  use  in  sound  decision  making.  Therefore,  soil 
and  rock  characteristics,  in  addition  to  being  important  to 
the  solution  of  a needed  problem  and  being  measurable,  must 
also  be  determined  with  sufficient  confidence  at  the  time 
they  are  required  for  decision  making.  Too  often,  studies 
are  made  and  decisions  are  finalized  on  alignment  before  a 
clear  understanding  is  available  to  determine  the  impact  on 
the  community  due  to  tunneling  through  the  materials  below 
the  surface  of  the  ground. 

Soil  and  rock  characteristics  deemed  significant  to  tun- 
neling must  be: 

a.  Important  to  the  solution  of  a problem; 

b.  Measurable; 

c.  Determined  at  a time  needed  for  decision  making. 


3.3  RANKING  OF  SIGNIFICANT  CHARACTERISTICS 

Several  authors,  Underwood  (13-20),  Merritt  (8-22), 
Schmidt  (13-16),  Peck  (14-34)  and  others,  have  defined  soil 
and  rock  characteristics  important  to  tunneling  and  under- 
ground excavation.  Schmidt,  et  al.  (8-33)  have  subjectively 
ranked  the  characteristics  for  soft  ground  tunneling  into  a 
set  of  priorities.  Adding  important  rock  characteristics 
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to  this  ranking  results  in  the  listing  of  priorities  shown 
in  Table  3-1.  This  table  does  not  imply  that  "Priority  C" 
items  are  unimportant  to  design  or  construction,  but  only 
that  concentration  of  resources  should  usually  be  made  on 
higher  ranking  characteristics. 

In  establishing  exploration  programs,  the  guiding  prin- 
ciple should  be  to  maximize  the  amount  of  significant  data. 
If  careful  attention  to  the  objectives  of  the  exploration 
program  is  made,  the  characteristics  needed  for  decision 
making  can  be  established  and  the  exploration  program  tai- 
lored to  help  in  providing  them. 
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TABLE  3-1. 


IMPORTANT  SOIL  AND  ROCK  CHARACTERISTICS 


PRIORITY  A:** 
SOIL 


• 

• 

• 

• 

Stratigraphy  (including  groundwater  level) 

Perraeability 

Rock  surface 

Obstructions,  man-made  or  natural 
Cohesion  of  granular  soils 

ROCK 

• 

• 

• 

General  rock  quality 

Groundwater 

Permeability 

PRIORITY  B; 
SOIL 


• 

• 

• 

• 

Shear  strength  of  cohesive  soil  (undrained) 

Water  pressure 

Modulus , short  term 

Soil  classification,  in  general 

ROCK 

• 

• 

Rock  weathering 

Orientation  of  major  planes  of  weakness 

PRIORITY  C: 
SOIL 


• 

€> 

• 

• 

Modulus,  long  term  (consolidation 

characteristics 

Water  chemistry 

Stress  state  (at  rest  pressure) 
Gases 

ROCK 

• 

• 

• 

Lithology  and  hardness 
In-situ  rock  stress 
Gases 

**First  Priority  Characteristics 
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4.  SITE  CONDITIONS  AND  ALIGNMENT 


4.1  HORIZONTAL  TUNNEL  ALIGNMENT 

The  Massachusetts  Bay  Transportation  Authority  (MBTA) 

Red  Line  Extension  Northwest  is  a continuation  of  the  origi- 
nal Boston  Elevated  Railroad,  Cambridge  Main  Street  Subway, 
which  was  completed  in  1912,  employing  cut-and-cover  con- 
struction techniques. 

The  Northwest  Extension  project,  shown  in  Figure  4-1, 
will  extend  from  the  reconstructed  Harvard  Square  Station  to 
new  stations  at  Porter  Square,  Cambridge  and  Davis  Square, 
Somerville,  and  terminate  at  the  new  Alewife  Brook  Station 
in  North  Cambridge,  Massachusetts,  a distance  of  approximately 

3.1  miles. 

Much  of  the  original  topography  along  the  alignment  has 
been  altered  over  the  years  and  completely  masked  by  heavy 
comrrtercial  and  residential  development. 

Although  ground  surface  varies  from  elevation  145  to  126 
(MBTA  Red  Line  Datum  is  105.87  ft.  below  United  States  Coast 
and  Geodetic  Survey  [USC&GS]  Mean  Sea  Level  1929) , the  area 
along  the  alignment  is  relatively  flat  with  abrupt  topo- 
graphic changes  due  to  depressed  railroad  right-of-ways. 

The  portion  of  the  tunnel  alignment  between  Harvard  and 
Porter  Squares  generally  follows  Massachusetts  Avenue  for 
its  entire  length  of  approximately  4,400  ft.  Massachusetts 
Avenue  is  a heavily  traveled,  major  artery  which  is  bordered 
by  academic,  commercial,  religious  and  residential  structures 
varying  from  one  to  six  stories  in  height.  In  addition,  nu- 
merous surface  and  subsurface  utility  systems  line  the  Avenue. 

The  alignment  passes  beneath  a depressed  section  of  the 
Boston  & Maine  Railroad  in  Porter  Square  and  proceeds  cross- 
country beneath  numerous  two  and  three-story  wood  frame 
residential  dwellings  into  Davis  Square,  Somerville.  The 
length  of  the  alignment  between  Porter  Square  and  Davis 
Square  is  approximately  2,900  ft. 

Davis  Square  is  a heavily  developed  and  traveled  shop- 
ping area  with  a major  Boston  & Maine  Railroad  line  crossing 
above  the  proposed  station  area.  The  alignment  leaves  the 
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FIGURE  4-1. 


MBTA  RED  LINE  EXTENSION  NORTHWEST 
AND  STUDY  TEST  SECTIONS 
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Davis  Square  Station  through  a cut-and-cover  section  towards 
Alewife  Brook  Station. 


4.2  TUNNEL  CROSS  SECTION 

The  Northwest  Extension  project  will  consist  of  twin 
single-track  tunnels  which  will  connect  cut-and-cover  stations 
at  Harvard  and  Davis  Squares  with  a mined  underground  station 
at  Porter  Square. 

The  tunnel  configuration  for  soil  and  rock  conditions 
is  shown  in  Figure  4-2,  with  the  inside  diameter  of  19.2  feet 
selected  for  the  minimum  clearance  envelope.  Ventilation 
shafts  are  located  periodically  along  the  alignment,  serving 
initially  as  construction  access  shafts  and,  later  during 
operation,  as  ventilation  and  emergency  exit  shafts. 


STEEL  RIBS  CONCRETE 
AND  LAGGING  LINING 


SOFT  GROUND  TUNNEL 
CONCRETE  LINING 
WITH  STEEL  RIBS  AND  LAGGING 


TEMPORARY  CAST- IN  - PLACE 


WITH  STEEL  RIBS 


FIGURE  4-2.  TYPICAL  RED  LINE  TUNNEL  SECTIONS 


4.3  VERTICAL  TUNNEL  ALIGNMENT 


The  information  obtained  from  widely  spaced  reconnais- 
sance borings  drilled  in  1976  indicated  that  a major  revision 
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in  the  vertical  alignment  would  minimize  potential  surface 
impact  and  reduce  construction  costs.  In  some  instances, 
the  original  tunnel  crown  came  in  close  proximity  to  resi- 
dential basements  and  water-bearing  sands,  and  mixed-face 
conditions  presented  the  potential  for  excessive  ground  sur- 
face settlement. 

Additional  subsurface  explorations  and  geophysical  sur- 
veys were  conducted  during  1977  and  1978.  Based  on  this 
information,  it  was  determined  that  a deeper  vertical  align- 
ment would  improve  tunnel  stability  during  construction  and 
decrease  potential  hazards  and  overall  costs.  In  addition, 
the  lowering  of  the  vertical  alignment  would  also  decrease 
the  potential  for  disturbing  existing  utility  systems  and 
structures  along  the  alignment. 

The  final  design  elevation  of  the  vertical  tunnel  align- 
ment between  Harvard  Square  and  Davis  Square  is  shown  on  the 
generalized  subsurface  profile.  Figure  4-3. 


<L  VENT  SHAFT  VENT  SHAFT 


FIGURE  4-3.  GENERALIZED  SUBSURFACE  PROFILE, 
HARVARD  SQUARE  TO  DAVIS  SQUARE 
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4.4  STUDY  TEST  SECTIONS 


As  in  any  subsurface  investigation,  the  geotechnical 
parameters  which  will  effect  the  design  and  construction  of 
an  underground  opening  must  be  thoroughly  investigated  and 
evaluated.  The  selection  of  a test  section  or  sections  to 
be  used  for  this  study  began  with  an  evaluation  of  existing 
data  along  the  alignment. 

The  subsurface  information  obtained  by  Bechtel  Incor- 
porated, and  submitted  to  the  MBTA  in  various  geotechnical 
reports  for  the  Red  Line  Extension,  was  evaluated  in  order 
to  determine  the  best  locations  for  meeting  the  study  objec- 
tives . 

In  order  to  satisfy  the  basic  intent  of  this  study,  to 
evaluate  advanced  methods  of  subsurface  explorations  and  geo 
technical  instrumentation  for  transit  tunneling,  areas  with 
maximum  geotechnical  variabilitv  were  sought.  In  addition, 
surface  accessibility,  pedestrian  and  vehicular  traffic,  and 
environmental  considerations  were  also  part  of  the  selection 
process . 

Based  on  the  lowered  vertical  tunnel  alignment  adopted 
for  construction,  two  potential  test  sites  were  considered. 
Two  portions  of  the  Harvard  to  Davis  Square  tunnels  will  be 
driven  in  "mixed-face"  conditions;  that  is,  partially  in 
soil  and  partially  in  rock.  In  these  sections,  the  defini- 
tion of  stratigraphy  and  other  geotechnical  parameters  is 
of  particular  practical  importance. 

One  of  the  mixed-face  areas  occurs  near  Davis  Square, 
Somerville,  referred  to  hereinafter  as  the  "Davis  Square 
Site".  The  second  mixed-face  area  occurs  beneath  Massachu- 
setts Avenue  in  Cambridge,  opposite  a Holiday  Inn  Motor 
Lodge,  referred  to  hereinafter  as  the  "Holiday  Inn  Site". 
Both  sites  offered  similar  geological  conditions  but  varied 
considerably  in  their  logistical  and  environmental  considera 
tions . 


4.4.1  Davis  Square  Site 

The  Davis  Square  site  is  located  in  the  vicinity  of 
tunnel  stations  260  to  264,  just  east  of  the  proposed  Davis 
Square  Station,  Somerville,  where  the  deep  bore  tunnel  align 
ment  rises  to  meet  the  cut-and-cover  station  construction. 
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The  site  area  occupies  the  majority  of  an  82.5  ft.  wide, 
Boston  & Maine  Railroad  right-of-way.  Numerous  two  and 
three-story  commercial  and  residential  structures  having 
shallow,  soil  bearing  foundations  abut  and,  in  some  in- 
stances, encroach  onto  railroad  property  (Figure  4-4). 


FIGURE  4-4.  DAVIS  SQUARE  SITE 

SOMERVILLE,  MASSACHUSETTS 


As  the  test  site  would  be  divided  by  the  active 
railroad  tracks  and  protective  fence,  the  conducting  and 
future  monitoring  of  the  field  work  would  be  difficult, 
especially  during  the  geophysical  phases.  In  addition, 
several  buildings  within  the  test  section  prevented  access 
to  key  areas  of  the  mixed-face  portion  of  the  alignment. 

Other  locations  were  designated  as  contractor  staging  areas 
for  the  proposed  station  construction.  The  longevity  of  any 
instrumentation  installed  in  these  areas  would  be 
questionable . 

Due  to  these  limitations , it  was  decided  that  the  Davis 
Square  Site  would  be  eliminated  as  a potential  test  area. 
However,  as  a portion  of  the  cut-and-cover  Davis  Square  Sta- 
tion would  require  excavation  and  temporary  support  of  a poor 
quality  bedrock,  it  was  decided  to  conduct  the  Integral  Rock 
Sampling  (ISM)  phase  of  the  study  in  the  proposed  station 
area.  A public  parking  area  provided  the  necessary  access 
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to  the  selected  ISM  test  site  in  the  vicinity  of  Station 
266+64  outbound. 


4.4.2  Holiday  Inn  Site 

The  Holiday  Inn  Site  is  located  in  the  vicinity  of  tun- 
nel station  203  and  206,  beneath  Massachusetts  Avenue  in 
Cambridge,  approximately  3/4  mile  north  of  Harvard  Square. 

The  300-ft.  test  section  is  occupied  by  a heavily  traveled, 
major,  four-lane  artery.  Commercial  and  residential  struc- 
tures varying  from  one  to  six  stories  in  height,  which  are 
supported  on  shallow,  soil  bearing  foundations,  abut  both 
sides  of  Massachusetts  Avenue.  A large  in-ground  concrete 
swimming  pool  at  the  Holiday  Inn  is  approximately  twelve  feet 
from  the  edge  of  the  proposed  outbound  tunnel.  Numerous  sur- 
face and  subsurface  utilities  line  the  avenue,  and  pedestrian 
traffic  in  the  area  is  exceptionally  heavy.  Although  the 
site  area  imposed  some  surface  access  restrictions,  it  is 
considered  to  be  representative  of  transit  tunneling  in  an 
urban  area  and  was,  therefore,  selected  as  the  location  of 
the  primary  test  section  (Figure  4-5) . 


FIGURE  4-5.  HOLIDAY  INN  SITE,  CAMBRIDGE,  MASSACHUSETTS 
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The  geological  conditions,  environmental  considerations, 
engineering  and  construction  parameters  are  considered  to  be 
comprehensive  at  the  Holiday  Inn  site.  The  rapidly  dipping 
bedrock  surface  would  allow  the  detailed  investigations  of 
this  study  to  be  conducted  within  the  300-ft.  long, mixed-f ace 
area.  All  three  tunneling  conditions  (soil,  mixed-face  and 
bedrock)  are  anticipated  to  be  encountered  within  the  site 
area.  In  addition,  a highly  intruded  bedrock  complex,  gla- 
cial till,  and  two  water  table  conditions  combine  to  re- 
quire a high  degree  of  engineering  and  construction  expertise 
to  construct  the  tunnels  along  this  section  of  the  alignment. 

The  Holiday  Inn  site  was  approved  by  the  Transportation 
Systems  Center  as  the  prime  study  area, and  field  work  com- 
menced on  29  March  1979  (Figure  4-6) . 


FIGURE  4-6.  HOLIDAY  INN  SITE  LOOKING 

SOUTH  TOWARD  HARVARD  SQUARE 
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5.  GEOLOGICAL  ENVIRONMENT 


5 . 1  REGIONAL  GEOLOGY 


5.1.1  General 


The  project  is  within  the  New  England  Physiographic 
Province  of  the  Appalachian  Highlands.  This  province  is 
characterized  by  hilly  uplands,  but  is  locally  mountainous 
and  exhibits  an  irregular,  rocky  coast.  Topography  is  com- 
monly structurally  controlled.  The  majority  of  the  prov- 
ince is  underlain  by  metamorphosed  rocks.  Unmetamorphosed 
to  slightly  metamorphosed  Paleozoic  rocks  constitute  most 
of  the  Boston  Basin,  where  the  project  is  located.  Ridges 
of  Precambrian  gneiss  and  granite  are  found  to  the  south- 
west . 


The  entire  province  was  subjected  to  glaciation  during 
the  Pleistocene  Epoch.  Thick  deposits  of  till  and  outwash 
sand  and  gravel  were  deposited  throughout  the  area.  Glacial 
features  such  as  drumlins  are  common. 

The  project  is  located  in  the  northern  portion  of  the 
Boston  Basin,  a structural,  as  well  as  topographic,  depres- 
sion which  is  filled  with  late  Paleozoic  rocks  covered  by 
Pleistocene  glacial  and  post-glacial  deposits.  The  north- 
ern and  southern  boundaries  of  the  basin  are  marked  by  fault 
escarpments,  but  the  western  limit  is  not  well  defined  topo- 
graphically or  geologically.  The  eastern  boundary  is  sub- 
merged beneath  the  ocean  (Figure  5-1) . 


5.1.2  Bedrock 


The  Boston  Bay  Group  is  the  major  stratigraphic  sequence 
occurring  in  the  portion  of  the  basin  where  the  project  is 
located.  This  group  has  been  divided  into  the  Cambridge 
Argillite  (upper  unit)  and  the  Roxbury  Conglomerate  (lower 
unit) . The  Cambridge  Argillite  is  a shale  that  is  locally 
weakly  metamorphosed,  with  reworked  tuffaceous  material 
found  throughout.  The  sediments  that  formed  the  Cambridge 
Argillite  were  fresh  water  deposits. 
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FIGURE  5-1.  TECTONIC  MAP  OF  BOSTON  BASIN 
BILLINGS  (19-2) 


The  Cambridge  Argillite  is  generally  gray  in  color,  fine 
grained  and  composed  mainly  of  clay  and  silt-sized  particles 
although  sand-size  particles  are  evident  in  the  upper  part. 
Light  and  dark  banding,  due  to  the  effects  of  seasonal  varia- 
tion during  deposition  is  also  evident.  The  Cambridge  Argil- 
lite reaches  an  estimated  thickness  of  17,000  feet  in  the 
northern  part  of  the  basin.  Igneous  dikes  occur  frequently 
throughout  the  formation. 

The  age  of  the  Cambridge  Argillite  is  not  definitely 
known  due  to  the  lack  of  fossils;  however,  the  formation  is 
believed  to  be  late  Paleozoic.  Alteration  of  minerals  in  the 
Cambridge  Argillite  to  the  soft  clay  mineral,  kaolinite,  is 
known  to  have  occurred  in  the  Boston  Basin.  Historically, 
kaolinized  rock  has  posed  a construction  problem  to  engineered 
structures  in  the  Boston  Basin  because  of  its  low  strength. 

It  is  not  known  whether  the  kaolinized  rock  has  resulted  from 
surface  exposure  during  preglacial  time,  or  from  the  hydro- 
thermal alteration  by  hot  solutions  or  gasses  emitted  during 
intrusion  of  the  igneous  rock.  Regionally,  the  kaolinized 
rock  has  been  encountered  both  at  the  bedrock  surface  and  at 
depths  well  below  the  bedrock  surface.  Distribution  of  the 
kaolinite  is  unknown  and  occurrence  of  kaolinized  rock  can- 
not be  predicted. 
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Light  greenish-gray  beds  of  volcanic  tuff  occur  within 
the  argillite.  Although  the  material  comprising  these  rocks 
is  igneous  in  origin,  the  rocks  are  essentially  sedimentary 
because  the  igneous  materials  were  probably  deposited  directly 
into  a body  of  water,  or  into  streams  which  carried  them  to  a 
quiet  water  environment.  Where  a small  quantity  of  volcanic 
ash  was  deposited  with  the  other  sediments,  the  rocks  are 
classified  as  "tuffaceous"  to  designate  their  mixed  compo- 
sition. The  thickness  of  the  tuff  beds  ranges  from  a few 
inches  to  tens  of  feet. 

Dikes,  composed  of  igneous  rocks  such  as  dacite,  felsite, 
diabase,  basalt,  and  alterations  thereof,  are  found  through- 
out the  Boston  Basin.  Regionally,  the  dikes  are  known  to 
vary  in  size,  form,  structure,  and  degree  of  weathering. 

They  range  in  thickness  from  a few  inches  to  more  than  500 
feet,  and  range  in  length  from  a few  feet  to  several  miles. 


5.1.3  Structure 


The  project  is  located  on  the  north  limb  of  the  Charles 
River  Syncline,  a regional  bedrock  structure  which  trends 
nearly  east-west  (Figure  5-1) . The  rock  strata  dips  gently 
south  with  local  variations  in  dip  due  to  minor  folding  along 
the  flank.  Slaty  cleavage,  though  known  to  be  present  in  por- 
tions of  the  argillite,  is  not  common  and  is  distinctly  limited 
in  occurrence. 

Faulting  is  one  of  the  most  common  structural  elements  in 
the  Boston  Basin,  and  may  be  encountered  anywhere  within  the 
basin.  Known  faults  on  the  north  limb  of  the  Charles  River 
Syncline  show  a broad  range  of  orientation.  The  most  common 
strikes  of  basin  faults  are  north,  northwest,  and  east.  Num- 
erous dikes  penetrate  the  Cambridge  Argillite.  Most  of  the 
dikes  and  related  intruded  rocks  dip  steeply  and  have  pre- 
ferred strikes  of  north-northeast  and  east.  Faulting  of  the 
dikes  is  common  and  many  dikes  were  titled  and  warped  during 
deformation  of  the  surrounding  rocks. 

Major  faults  have  been  postulated,  based  on  an  interpre- 
tation of  the  geologic  structure,  and  are  believed  to  be 
thrust  faults  sub-parallel  to  the  main  structure  which  trends 
east-west.  The  minor  faults  are  generally  younger,  normal 
faults.  These  faults  regionally  occur  parallel  to  joints  and 
along  dikes.  Although  the  strike  of  the  minor  faults  is 
quite  variable,  the  most  common  strike  is  north-northwest. 
Regionally,  the  minor  faults  are  narrow  zones  ranging  from 
tight  fractures  to  zones  3 feet  wide  and  characterized  in 
some  cases  by  slickensides , gouge,  and  breccia.  The  dip  is 
generally  steep.  Large  regional  faults  are  not  known  to 
cross  the  tunnel  alignment,  although  minor  faulting  can  be 
expected  anywhere  along  the  alignment. 
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5.2  SITE  GEOLOGY 


5.2.1  Surficial  Deposits 


Surficial  deposits  at  the  Holiday  Inn  study  area  consist 
of  a thin  layer  of  fill  overlying  a sequence  of  Pleistocene 
glacial  and  post-glacial  deposits  which  rest  upon  the  bedrock 
surface.  Based  on  the  geologic  origin  and  the  characteristics 
of  the  soils  encountered,  the  surficial  materials  have  been 
divided  into  four  (4)  principal  strata  overlying  the  bedrock. 
In  order  of  increasing  depth  from  ground  surface,  they  are: 

a.  Miscellaneous  Fill 

b.  Outwash  Sand  and  Gravel 

c.  Marine  Clay 

d.  Glacial  Till 

Figure  4-3  shows  the  general  geology  along  Massachusetts 
Avenue  between  Harvard  Square  and  Davis  Square,  which  in- 
cludes the  Holiday  Inn  test  section. 

A general  desciption  of  the  characteristics  and  depths 
of  the  soil  strata  follows.  A more  detailed  description  of 
the  soils  and  rock  as  determined  from  the  study  explorations 
is  presented  in  Section  9.  General  bedrock  characteristics 
are  discussed  in  Section  5.2.2. 


5. 2. 1.1  Miscellaneous  Fill  - Miscellaneous  fill  materials 
are  present  in  varying  thicknesses  throughout  the  test  section 
The  fill  generally  consists  of  silty  fine  to  coarse  sand  with 
varying  amounts  of  gravel,  clay,  organic  materials  and  man- 
made materials  such  as  bricks,  concrete  and  asphalt.  These 
materials  are  classified  as  one  layer  and  are  not  subdivided, 
due  to  their  highly  variable  nature. 

The  thickness  of  the  fill  stratum  within  the  test  section 
averages  about  3 feet,  varying  to  a maximum  recorded  thick- 
ness of  about  6 feet.  Fill  material  of  varying  composition 
and  thickness  is  also  present  adjacent  to  buildings  and  retain 
ing  structures  along  the  alignment,  and  in  areas  of  under- 
ground utilities. 

The  density  of  the  fill  material  within  the  test  section 
ranges  from  medium-dense  to  dense.  The  corresponding  range  of 
penetration  resistance  is  from  14  to  45  blows  per  foot,  with 
the  higher  penetration  resistances  probably  due  to  the  pres- 
ence of  gravel  and/or  rubble  materials. 

Surfacing  materials  of  asphalt  and  concrete,  varying  from 
3 to  24  inches  in  thickness,  exist  throughout  tiie  test  section 
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5. 2. 1.2  Outwash  Sand  and  Gravel  - Underlying  the  miscella- 
neous fill  is  a stratum  of  medium  to  very  dense  brown  sand, 
gravelly  sand  and  silty  sand.  These  deposits  originated  as 
glacial  outwash  deposited  toward  the  end  of  the  last  glacial 
period  (Lexington  Substage) . The  thickness  of  the  deposit  is 
variable,  averaging  about  9 feet,  with  a maximum  thickness  of 
about  15  feet. 

The  density  of  the  outwash  sand  and  gravel  varies  widely 
with  standard  penetration  resistance  ranging  from  14  to  55 
blows  per  foot.  The  average  standard  penetration  resistance 
in  the  stratum  is  in  the  range  of  30  to  40  blows  per  foot. 


5. 2. 1.3  Marine  Clay  - Underlying  the  outwash  sand  and  gravel 
is  a deposit  of  marine  clay  which  contains  varying  proportions 
of  silt  and  sand.  The  upper  portion  of  the  stratum  consists 
of  very  stiff  to  hard  interbedded  gray  clay,  silt  and  fine  sand. 
The  lower  portion  of  the  stratum  is  a more  homogeneous  deposit 
of  medium  stiff  to  very  stiff  gray  clay  with  occasional  layers 
of  fine  sand  and  is  moderately  overconsolidated. 

The  thickness  of  the  marine  clay  stratum  ranges  up  to  a 
maximum  of  18  feet,  with  an  average  thickness  of  approximately 
8 feet. 

Standard  penetration  test  results  average  about  20  to  30 
blows  per  foot  in  the  upper  portion  of  the  stratum,  and  10  to 
20  blows  per  foot  in  the  less  overconsolidated  lower  portion 
of  the  stratum. 


5. 2. 1.4  Glacial  Till  - A relatively  thick  deposit  of  glacial 
till  underlies  the  marine  clay  and  constitutes  the  tunneling 
medium  in  areas  of  soft  ground.  The  till  generally  consists 
of  dense  to  very  dense,  silty,  fine  to  coarse  sand  with  vary- 
ing amounts  of  clay,  gravel,  cobbles,  boulders,  and  rock  frag- 
ments of  argillite  and  granite.  The  stratum  was  deposited 
directly  over  the  bedrock  surface  in  thicknesses  varying  from 
51  to  83  feet  within  the  test  section. 

The  density  of  the  glacial  till  ranges  from  dense  to  very 
dense  with  standard  penetration  resistance  ranging  from  45  to 
over  400  blows  per  foot.  The  average  standard  penetration 
resistance  is  over  150  blows  per  foot.  Cobbles  and  boulders 
were  encountered  throughout  the  glacial  till. 
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5.2.2  Bedrock  and  Structure 


The  principal  rock  type  in  the  section  is  argillite. 
Argillite  is  defined  as  a rock  formed  from  a claystone,  silt- 
stone,  or  shale,  but  has  undergone  a somewhat  higher  degree 
of  induration.  By  definition,  argillite  does  not  exhibit  the 
fossility  or  cleavage  characteristics  of  shale  or  slate. 
However,  localized  occurrences  of  fossility  are  known  to 
exist  in  the  Boston  Basin.  The  rock  is  generally  gray  in 
color  with  alternating  light  and  dark  gray  beds.  The 
lighter  colored  beds  are  usually  formed  of  silt  or  fine 
sand,  and  the  darker  beds  are  formed  from  clay  or  fine  silt. 
Thick  sequences  of  siltstone  or  sandstone  may  occur  anywhere 
within  the  argillite. 

Within  the  test  section,  the  argillite  is  altered  and 
is  light  grayish-green  to  greenish-gray.  The  alteration  is 
apparently  caused  by  the  intrusion  of  large  igneous  dikes, 
consisting  primarily  of  diabase.  These  dikes  have  also 
caused  extensive  local  fracturing  (Figure  5-2).  A major  dia- 
base dike,  estimated  to  be  approximately  140  feet  in  the  hori 
zontal  dimension,  was  encountered  within  the  test  area.  Addi 
tional  details  regarding  the  bedrock  type  and  structure  are 
summarized  in  Section  9. 


FIGURE  5-2.  ALTERED  ARGILLITE  WITH  DIABASE  INTRUSIONS 


The  Red  Line  Extension  tunnel  alignment  trends  in  a 
north-south  direction  approximately  perpendicular  to  the  axis 
of  the  Charles  River  Syncline.  The  project  is  located  on  the 
north  flank  of  the  syncline.  The  dip  of  the  strata  at  this 
location  is  to  the  south. 

An  important  feature  to  note  is  the  presence  of  planes 
of  weakness  or  separation  along  which  the  rock  either  has 
been  broken  by  past  geological  forces  or  along  which  it  is 
likely  to  break  during  tunnel  excavation.  These  planes  of 
weakness  are  controlled  by  relic  bedding,  jointing,  faulting 
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and  foliation.  Structural  characteristics,  as  well  as 
other  detailed  properties  revealed  by  the  exploratory  pro- 
gram, are  described  in  the  Subsurface  Exploration  Summaries 
in  Appendix  C. 


5.2.3  Ground  Water 


The  principal  water  bearing  materials  are  the  outwash 
sand  and  gravel  and  the  zone  along  the  bedrock/glacial  till 
interface.  The  marine  clay  and  glacial  till  together  com- 
prise an  aquiclude  between  the  overlying  outwash  sand  and 
gravel  and  underlying  bedrock/glacial  till  interface,  re- 
sulting in  two  relatively  independent  water  bearing  zones. 

The  ground  water  in  the  outwash  and  gravel  stratum  is 
under  water  table  conditions.  However,  it  is  probably  not  in 
direct  hydraulic  communication  with  the  ground  water  at  the 
bedrock/glacial  till  interface  zone.  The  normal  depth  to  the 
water  table  in  the  outwash  sand  and  gravel  ranges  from  about 
9 to  14  feet  below  ground  surface.  Recharge  to  the  ground 
water  table  in  the  outwash  sand  and  gravel  may  be  principally 
from  infiltration  of  precipitation;  however,  there  may  be  re- 
charge due  to  leakage  from  water  and  sewer  lines.  The  normal 
ground  water  gradient  indicated  by  measurements  in  observa- 
tion wells  is  from  north  to  south. 

Water  levels  in  piezometers  constructed  in  the  bedrock 
indicate  artesian  conditions.  Recharge  to  the  bedrock/ 
glacial  till  interface  zone  is  probably  via  leakage  from  the 
overlying  glacial  till.  Based  on  measurement  of  the  eleva- 
tion of  the  potentiometric  surface,  the  general  ground  water 
gradient  is  from  north  to  south. 
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6,  SUMMARY  OF  INVESTIGATIVE  PROGRAMS 


6 . 1 GENERAL 

One  of  the  objectives  of  this  study  includes  the  field 
evaluation  of  advanced  methods  of  subsurface  explorations 
and  geotechnical  instrumentation  and  is  conceived  to  be  com- 
pleted in  tw^o  stages.  Stage  I,  the  subject  of  this  report, 
directs  itself  toward  the  evaluation  of  advanced  methods  of 
subsurface  explorations  for  use  in  the  design  and  construc- 
tion of  urban  rapid  transit  tunnel  projects.  Stage  II,  re- 
lated to  the  evaluation  of  geotechnical  instrumentation,  will 
be  reported  in  a separate,  later  report,  prepared  following 
completion  of  tunnel  excavation  in  the  test  areas.  The  Stage 
II  report  will  contain  an  evaluation  of  the  performance  of 
selected  instrumentation  and  a comparison  of  the  stratigraphy 
predicted  during  Stage  I with  that  observed  during  tunnel 
excavation . 

The  Stage  I report  may  be  further  separated  into  work 
completed  in  the  field  implementation  and  evaluation  of  cer- 
tain exploratory  techniques,  and  the  results  of  research  and 
literature  surveys  of  other  techniques.  Additional  definition 
of  the  investigative  program  follows. 


6.2  TEST  SECTIONS 

Field  application  and  evaluation  of  exploratory  methods 
were  performed  in  the  two  test  sections  previously  described 
(Section  4.4)  on  the  Massachusetts  Bay  Transit  Authority's 
(MBTA)  Red  Line  Extension.  The  areas  were  selected  for  their 
geologic  complexity  and  the  need  for  real  and  relevant  geotech- 
nical data. 


6.2.1  Holiday  Inn  Test  Section 


As  the  principal  test  section,  the  exploration  plan  was 
developed  to  permit  the  implementation  of  a wide  variety  of 
exploratory  methods  and  to  facilitate  the  installation  of  geo- 
technical instrumentation  to  be  evaluated  during  Stage  II.  The 
exploration  program  for  the  Holiday  Inn  site  is  summarized  in 
Figure  6-1.  The  program  consisted  of  six  parallel  rows  of 
explorations  spaced  approximately  50  feet  apart  and  oriented 
perpendicular  to  the  tunnel  alignment  within  the  limits  of 
anticipated  mixed-face  tunnel  conditions. 
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FIGURE  6-1.  SUBSURFACE  EXPLORATION  PLAN,  HOLIl'AY  INN  SITE,  CAMBRIDGE,  MASSACHUSETTS 


Three  rows  of  explorations  spaced  approximately  100  to 
150  feet  apart  (one  at  each  end  and  one  approximately  in  the 
middle  of  the  test  section)  were  designed  as  high-intensity 
exploration/instrumentation  profiles  (Figure  6-2) . At  the 
location  of  these  profiles,  sampling  and  field  testing  was 
intensive  to  provide  an  accurate  basis  from  which  to  extra- 
polate the  results  of  other  investigative  methods. 
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FIGURE  6-2.  TYPICAL  HIGH-INTENSITY  EXPLORATION 
INSTRUMENTATION  PROFILE 


Intermediately  between  the  high-intensity  exploration/ 
instrumentation  holes,  rows  of  unsampled  holes  were  advanced 
to  facilitate  implementation  of  various  geophysical  methods 
and  for  the  installation  of  instrumentation  to  be  used 
during  later  stages  of  this  study. 
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The  exploratory  holes  were  advanced  using  contract  speci- 
fied drilling  equipment  and  sampling  procedures  (Figure  6-3) . 
The  completed  holes  were  subsequently  used  for  electrical  and 
nuclear  surveys  and  seismic  studies,  and,  finally,  for  place- 
ment of  geotechnical  instrumentation.  Borehole  spacing  was 
maintained  close  to  50  feet  to  facilitate  cross-hole  seismic 
velocity  studies. 


FIGURE  6-3.  DOT/TSC  FIELD  EXPLORATION  PROGRAM^ 
MASSACHUSETTS  AVENUE  INBOUND  LANE, 

HOLIDAY  INN  SITE 

The  following  exploratory  procedures  were  implemented  at 
the  Holiday  Inn  test  section: 

a.  Rotary  Drilling 

b.  Percussion  Drilling  (ODEX) 

c.  Mud  Stabilized  Borehole 

d.  Casing  Stabilized  Borehole 

e.  Penetration  Testing 

f.  2-inch  and  3-inch  Split  Spoon  Samples 

g.  Denison  Overburden  Core  Samples 

h.  Pitcher  Overburden  Core  Samples 

i.  Double  Tube  Split  Liner  Overburden  Core  Samples 

j . Double  Tube  Solid  and  Split  Liner  Rock  Core  Samples 
Triple  Tube  Solid  Liner  Rock  Core  Samples 
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l.  Borehole  Permeability  Testing 

m.  Borehole  Water  Pressure  Testing 

n.  Observation  Wells 

o.  Piezometers 

p.  Instrumentation  Casing  Installation 

q.  Nuclear  Borehole  Logging 

1.  Natural  Gamma 

2 . Neutron  Gamma 

3.  Neutron-Epithermal-Neutron 

4.  Gamma- Gamma 

r.  Seismic  Velocity  Logging 

1.  Uphole  Survey 

2.  Crosshole  Survey 

3.  Signal  Enhancement  Refraction  Survey 

s.  Electric  Borehole  Logging 


6.2.2  Davis  Square  Test  Section 

The  Davis  Square  test  section  was  used  only  for  imple- 
mentation of  the  Integral  Sampling  Method  (ISM)  of  rock  cor- 
ing. The  bedrock  of  the  site  is  approximately  50  feet  below 
ground  surface  and  will  ultimately  be  excavated  to  accommodate 
construction  of  a new  station  using  cut-and-cover  procedures. 
Since  the  invert  of  the  station  is  as  much  as  10  to  12  feet 
below  the  top  of  bedrock,  the  strength  and  structure  of  the 
rock  are  significant  with  respect  to  the  design  and  construc- 
tion of  temporary  excavation  support  systems. 

The  location  selected  for  implementation  of  the  ISM  tech- 
nique is  shown  in  Figure  6-4. 


6.3  RESEARCH  AND  LITERATURE  SURVEYS 

Certain  exploratory  procedures  considered  to  be  parti- 
cularly useful  in  the  field  of  transit  tunneling  are  included 
in  this  study  for  research  and  literature  survey  only.  Budget 
and  time  restrictions  prohibited  the  inclusion  of  these  pro- 
cedures in  the  field  evaluation  aspects  of  the  program.  The 
following  methods  were  researched  and  are  described  in  detail 
in  Section  8. 

a.  Horizontal  Drilling 

b.  Thermometric  Surveys 

c.  Acoustic  Explorations 


6-5 


FIGURE  6-4.  SUBSURFACE  EXPLORATION  PLAN,  DAVIS  SQUARE  SITE, 
SOMERVILLE,  MASSACHUSETTS 
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6.4  LABORATORY  SOIL  AND  ROCK  TESTING 


Standard  laboratory  classification  tests  were  conducted 
on  representative  samples  recovered  from  explorations  for 
the  purpose  of  checking  field  classifications  and  for  corre- 
lation with  geophysical  parameters  which  were  measured. 
Detailed  petrographic  analysis  of  selected  rock  specimens 
were  conducted  to  assist  in  the  classification  and  determina- 
tion of  the  structural  characteristics  of  the  bedrock.  Rock 
cores  were  labeled  and  photographed  for  future  reference 
purposes . 
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7.  FIELD  EVALUATED  EXPLORATORY  PROCEDURES 


7 . 1 GENERAL 

This  report  section  will  summarize  and  describe  explora- 
tory equipment  and  procedures  implemented  in  the  field  for 
evaluation  as  opposed  to  those  described,  based  only  on  lit- 
erature research.  Many  of  the  procedures  have  been  used  in 
the  industry  for  years  and  may  be  considered  "standard"; 
others  have  never  been  used  in  the  proposed  application  and 
are,  indeed,  "advanced".  Still  other  methods  are  advanced,  al- 
though their  commercial  availability  and  increasing  applica- 
tion in  the  field  of  geotechnical  explorations  for  other  types 
of  facilities  is  making  them  more  standard. 

The  ultimate  goal  of  a subsurface  exploration  program  is 
to  obtain  the  maximum  amount  of  geotechnical  information  at  a 
minimum  of  cost.  This  information  will  affect  the  feasibility, 
design  and  performance  of  the  proposed  engineering  structure. 
Although  the  costs  associated  with  conducting  a conventional 
exploration  program  have  been  increasing  at  a rapid  and  uni- 
form rate  over  the  past  10  years,  the  level  of  recoverable 
information  has  increased  at  a slower  rate. 

Subsurface  exploration  technology  has  only  recently  ap- 
proached the  level  of  sophistication  required  for  the  design 
and  construction  of  underground  openings,  considering 
some  form  of  rotary  core  drilling  was  practiced  by  the  Egyp- 
tians as  early  as  3000  B.C.  Major  improvements  have  been 
made  in  the  design  and  construction  of  exploration  equipment 
since  the  16th  century,  when  the  Crenelle  rig  (Figure  7-1) 
required  eight  years  to  drill  a 1,771-ft.  well  in  France 
(Gass , 8-14) . 

The  development  of  new  methods  and  equipment  by  industry 
is  continuously  improving  the  level  of  geotechnical  informa- 
tion recovered  during  subsurface  exploration  programs.  A 
demonstration  project  program  comprehensive  enough  in  scope 
to  include  all  of  the  promising  methods  would  be  impossible 
within  any  reasonable  time  and  budget  limitations.  Therefore, 
those  methods  and  equipment  most  relevant  to  this  tunnel  were 
selected  for  implementation  and  evaluation.  Other  methods, 
with  equal  potential  but  beyond  the  time  and/or  budget  res- 
trictions were  defined  and  are  treated  in  a research  and  liter- 
ature survey  (Section  8) . 
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FIGURE  7-1.  CRENELLE  DRILL  RIG,  16TH  CENTURY 
GASS  (8-14) 

Advanced  data  collection  procedures,  which  may  be  util- 
ized by  the  geotechnical  engineer,  range  from  those  available, 
through  equipment  which  is  presently  used  in  other  engineering 
and  construction  fields,  to  very  sophisticated  experimental  tech- 
nology. The  well  driller's  underreamer  (Figure  7-2)  which  is 
used  in  penetrating  boulders  and  obstructions,  and  a reported 
rocket  drill  developed  by  the  Soviets,  capable  of  penetrating 
60  feet  of  overburden  in  18  seconds,  reflect  the  range  and 
sophistication  of  "advanced"  data  collection  procedures. 

The  various  exploration  procedures  selected  for  field 
evaluation  may  be  grouped  into  two  categories.  "Direct" 
methods  provide  data  relative  to  geotechnical  parameters  and 
stratigraphy  from  direct  measurements  made  in  the  field. 
"Indirect"  methods  provide  physical  evidence  of  subsurface 
conditions  but  require  correlations  with  known  conditions 
through  direct  measurements.  Most  geophysical  methods  fall 
into  the  indirect  category. 
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FIGURE  7-2.  SERVCO  MODEL  58WCB  UNDERREAflER 


7.2  REVIEW  OF  TEST  BORING  METHODS 

The  term  "subsurface  exploration"  used  throughout  this 
report  refers  to  the  numerous  direct  and  indirect  methods  of 
determining  the  various  subsurface  geotechnical  parameters 
which  are  required  for  tunnel  design  and  construction.  The 
term  "test  boring"  refers  only  to  a small  diameter  exploratory 
hole,  generally  vertical,  and  the  methods  of  advancing  such  a 
hole.  Various  sampling  methods  and  equipment  are  available 
which  are  used  in  conjunction  with  a single  test  boring  to 
determine  the  depth  to  and  approximate  identity  of  the  sub- 
surface conditions.  The  project  requirements,  in  addition  to 
the  economic  and  environmental  considerations,  also  affect 
the  selection  of  the  specific  drilling  equipment  to  be  em- 
ployed on  the  project. 


7.2.1  Borehole  Advancement 


The  more  commonly  employed  test  boring  techniques  are 
classified  in  6 groups,  depending  on  the  method  used  in 
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displacing  or  removing  material  during  advancement  of  the 
borehole  (Hvorslev,  8-17) : 

a.  Displacement  Boring 

b.  Wash  Boring 

c.  Percussion  Drilling 

d.  Rotary  Drilling 

e.  Auger  Boring 

f.  Continuous  Sampling 

The  quality  of  information  obtained  from  the  various  test 
boring  methods  varies  with  the  character  of  the  subsurface 
geologic  conditions,  so  careful  consideration  must  be  given 
when  selecting  the  desired  method.  It  may  be  necessary  to 
employ  more  than  one  method  in  advancing  a particular  bore- 
hole . 


7. 2. 1.1  Displacement  Boring  - This  method  is  the  most 
simple  and  economical  test  boring  procedure  in  non-caving 
ground.  There  is  no  attempt  to  stabilize  the  borehole  and 
closed  samplers  such  as  the  split  tube,  cup  or  piston  sam- 
pler are  forced  in  a closed  position  to  the  required  sam- 
pling depth.  This  method  is  generally  employed  in  prelim- 
inary reconnaissance  work  where  only  general  subsurface 
data  are  required. 


7. 2. 1.2  Wash  Boring  - This  method  involves  advancing  casing, 
as  required,  and  washing  out  the  material  to  the  bottom  of  the 
casing  v/ith  chopping  bits  to  the  desired  sampling  depth.  The 
borehole  may  be  stabilized  with  casing,  water  or  drilling  mud, 
and  open  samplers,  such  as  the  split  or  solid  tube  type,  are 
driven  into  the  undisturbed  material  at  the  bottom  of  the 
borehole.  This  method  is  the  most  commonly  used  in  soils 
which  do  not  contain  obstructions  such  as  large  cobbles  and 
boulders  or  cemented  horizons. 


7. 2. 1.3  Percussion  Drilling  (Churn  Drilling)  - This  method 
involves  advancing  the  boring  by  raising  and  dropping  a heavy 
drill  bit  to  form  a slurry.  Samples  are  obtained  by  bailing 
the  slurry  or  replacing  the  bit  with  a conventional  sampler 
after  the  slurry  has  been  removed,  and  then  driving  the  sam- 
pler with  very  heavy  "down  the  hole"  tools  referred  to  as 
"jars".  This  is  a primary  method  employed  in  the  well  drill- 
ing industry  and  is  generally  not  as  applicable  for  geotechni- 
cal investigations. 
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7. 2. 1.4  Rotary  Drilling  - This  method  is  a variation  of  the 
Wash  Boring  technique,  utilizing  a rotary  drill  bit,  rather 
than  a chopping  motion.  It  is  employed  primarily  in  advancing 
and  cleaning  the  borehole  to  the  required  sampling  depth  and 
is  used  in  conjunction  with  air,  water  or  drilling  mud  to 
bring  the  cuttings  to  the  surface. 


7. 2. 1.5  Auger  Borings  - This  method  involves  advancing 
helical  augers,  either  solid  flight  or  hollow  stem,  with  large 
mobile  equipment,  to  the  required  sampling  depth.  This  is  a 
rapid  method  for  advancing  the  borehole,  without  the  use  of 
fluids,  in  partially  saturated  or  unsaturated  materials  above 
the  ground  water  table.  Conventional  sampling  procedures  are 
employed;  however,  some  disturbance  of  the  natural  ground 
may  be  created  by  the  advancing  augers  in  the  zone  of  sampling. 


7. 2. 1.6  Continuous  Sampling  - This  method  of  obtaining  re- 
presentative samples  may  be  employed  with  any  test  boring 
procedure  to  provide  more  reliable  and  detailed  information 
on  subsurface  conditions  than  any  other  method.  In  addition, 
it  may  be  employed  by  itself  to  create  an  uncased  borehole. 

A continuous  column  of  soil  or  rock  is  obtained  by  conven- 
tional sampling  procedures  providing  the  most  accurate  picture 
of  subsurface  conditions. 


7.2.2  Borehole  Stabilization 

A problem  common  to  all  test  boring  methods  is  the  necessity 
of  maintaining  bore  wall  and  bottom  stability  for  the  purpose 
of  obtaining  relatively  undisturbed  samples  of  the  desired 
stratum.  The  subsurface  conditions  encountered  in  a specific 
area  will  generally  dictate  or  influence  the  selection  of  the 
borehole  stabilization  method,  which  can  be  grouped  into  five 
general  categories: 

£1.  Water  Stabilization 

b.  Mud  Stabilization 

c.  Casing  Stabilization 

d.  Grout  Stabilization 

e.  Freezing  Stabilization 

As  with  the  various  techniques  which  may  be  employed  in 
advancing  the  boreholes,  the  selected  stabilization  method 
may  also  affect  the  quality  of  the  sample  recovered.  Several 
different  methods  may  be  employed  in  a single  borehole  in  any 
combination  to  insure  that  the  most  representative  sample  is 
obtained  for  analysis. 
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7. 2. 2.1  Water  Stabilization  - Stabilization  of  the  borehole 
through  a recycling  or  continuous  water  supply  system  is  the 
most  common  and  economical  method  of  maintaining  borehole 
stability.  Water  induced  into  the  borehole  will  generally 
counteract  soil  and  pore-water  pressures  in  partially  or 
fully  saturated  sediments  for  a sufficient  length  of  time  to 
allow  sampling  at  the  selected  stratum.  Water  alone  will  gen- 
erally not  prevent  the  caving  or  sloughing  of  the  borehole  in 
soft  or  cohesionless  sediments,  especially  above  the  water 
table.  An  uncased  borehole,  utilizing  water  for  stabilization 
purposes,  is  typically  used  in  rock  or  in  relatively  stiff, 
cohesive  soils. 


1 .2.2.2  Mud  Stabilization  - Drilling  mud  may  be  a natural 
or  artificially  pre-mixed  fluid  which  is  recycled  through  the 
borehole  system  in  order  to  stabilize  the  uncased  portions  of 
the  borehole.  It  is  also  employed  to  improve  sample  recovery 
and  minimize  soil  disturbance  in  cased  boreholes. 

Drilling  mud  may  be  prepared  from  any  native  clay  or  from 
several  commercially  available  products,  which  are  highly  col- 
loidal and  thixotropic  and  contain  various  additives  to  con- 
trol dispersion,  viscosity,  etc.  The  higher  specific  gravity 
of  the  mud  will  develop  more  positive  down-the-hole  pressures, 
in  addition  to  forming  a relatively  impervious  lining  along 
the  borehole  walls.  The  mud  will  also  tend  to  keep  the  cut- 
tings in  suspension  longer,  allowing  more  representative  sam- 
pling at  the  bottom  of  the  borehole.  In  addition,  the  mud 
will  reduce  abrasion  and  retard  corrosion  of  the  drilling  and 
sampling  tools. 


7. 2. 2. 3  Casing  Stabilization  - Driving  heavy  duty  steel  pipe 
or  casing  provides  the  most  reliable,  and  most  popular,  al- 
though relatively  expensive,  method  of  advancing  a borehole 
to  its  required  depth.  The  Diamond  Core  Drill  Manufacturer's 
Association  (DCDMA)  has  established  standards  of  nomenclature 
for  the  various  casing  diameters.  These  are  summarized  in 
Table  7-1. 


The  borehole  is  usually  advanced  by  constant  blows  of  a 
drive  hammer  (typically  300  lbs.,  falling  24  inches)  upon  a 
drive  head  which  is  attached  to  the  casing.  As  the  blows  to 
drive  the  casing  supply  constant  energy,  supplementary  informa- 
tion may  be  obtained  on  the  soil  resistance  by  counting  blows 
and  the  resulting  penetration. 
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TABLE  7-1.  CASING  SIZES  IN  INCHES 


TYPE 

DESIGNATION 

I.D. 

• 

Q 

• 

O 

Extra 

2- 

1/2 

2.50 

2.88 

Heavy  (XH) 

3 

3.00 

3.50 

3- 

1/2 

3.50 

4.00 

4 

4.00 

4.50 

Flush 

RX 

or 

RW 

1.19 

1.44 

Joint 

EX 

or 

EW 

1.50 

1.81 

AX 

or 

AW 

1.91 

2.25 

BX 

or 

BW 

2.38 

2.88 

NX 

or 

NW 

3.00 

3.50 

HX 

or 

HW 

4.00 

4.50 

PX 

or 

PW 

5.00 

5.50 

SX 

or 

SW 

6.00 

6.63 

UX 

or 

UW 

7.00 

7.63 

ZX 

or 

ZW 

8.00 

8.63 

Flush 

RX 

or 

RW 

1.19 

1.44 

Coupled 

EX 

or 

EW 

1.63 

1.81 

AX 

or 

AW 

2.00 

2.25 

BX 

or 

BW 

2.56 

2.88 

NX 

or 

NW 

3.19 

3.50 

HX 

or 

HW 

4.13 

4.50 

The  casing 

is 

usually 

driven 

in  5-ft. 

increments 

with  representative  samples 

being 

obtained 

at  the  completion 

of  each  5-foot 

drive . 

The 

increments  may 

be  varied  to 

meet  specific  sampling  requirements.  Various  sizes  of  casing 
may  be  "telescoped"  within  each  other  to  facilitate  the  coring 
of  obstructions  or  to  reduce  the  desired  size  of  the  borehole 
at  depth. 

The  heavy  duty  steel  casing  may  also  be  equipped  with  a 
diamond  bit  "shoe"  and  drilled,  rather  than  driven,  to  the 
required  sampling  depth.  This  procedure  will  allow  the  pene- 
tration of  obstructions  without  a decrease  in  borehole  size. 

After  the  casing  is  seated  at  the  required  depth,  the 
hole  must  be  thoroughly  cleaned  out  before  obtaining  a sample. 
In  soft  or  loose  materials,  stability  of  the  borehole  is  in- 
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creased  by  keeping  the  casing  filled  with  water  or  drilling 
fluids . 

Using  hydraulically  operated  drilling  equipment,  hollow 
stem  helical  augers  with  a removable  center  plug  to  allow 
passage  of  the  sampling  tools  through  the  auger  may  also  be 
employed  as  temporary  casing. 


7. 2. 2. 4 Grout  Stabilization  - A borehole  may  encounter 
local  zones  of  instability  in  the  bedrock  due  to  shear  zones, 
faults,  weathering  or  fractured  rock  which  prevents  deeper 
penetration  of  the  drilling  tools.  This  zone  may  be  stabi- 
lized by  pumping  a cement  grout  into  that  portion  of  the  hole 
and  redrilling  the  borehole  through  the  concrete  plug.  Al- 
though additional  time  will  be  required  for  setting  of  the 
grout,  it  may  be  preferable  to  advancing  casing  to  this  depth, 
which  would  also  reduce  the  borehole  size. 

This  method  may  also  be  applied  in  extremely  unstable 
areas  in  the  overburden  sediments.  However,  depending  on  the 
depth  of  the  zone,  advancing  casing  may  be  a more  practical 
solution. 


7. 2. 2. 5 Freezing  Stabilization  - A borehole  may  be  stabi- 
lized by  freezing  the  soil  through  which  it  passes  by  replac- 
ing the  drilling  fluid  with  kerosene,  diesel  fuel,  or  a brine 
solution  which  is  chilled  with  "dry  ice".  This  method  is  gen- 
erally not  applicable  in  unsaturated  ground  or  where  there  is 
a strong  groundwater  flov;. 

A more  costly  method  involves  circulating  the  cooling 
liquid  through  a series  of  pipes  which  have  been  driven  or 
drilled  in  a circle  around  the  primary  borehole.  This  pro- 
cedure could  facilitate  the  recovery  of  large  diameter  samples 
of  unstable  granular  soil  or  fractured  rock. 

In  some  instances,  it  may  be  advantageous  to  use  this 
procedure  to  recover  "undisturbed"  samples  of  naturally 
frozen  granular  soils  to  determine  the  presence  of  ice  lensing 
or  segregation. 


7 . 3 PROJECT  TEST  BORING  METHODS 

Basic  to  the  objectives  of  this  study  is  the  evaluation 
of  the  most  efficient  and  economical  method  of  making  a small 
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diameter  hole  (test  boring)  in  the  subsurface  strata,  to 
facilitate  the  recovery  of  representative  samples,  and  to 
provide  access  for  in-situ  testing  and  measurement  of  engi- 
neering properties.  Toward  this  end,  several  of  the  standard 
procedures  were  employed  and  evaluated.  In  addition,  a new 
method  of  rapidly  advancing  an  unsampled  hole  for  geophysical 
surveys,  in-situ  testing  and  instrumentation  installation  was 
evaluated.  The  ODEX  ™ system  (Section  7.3.2)  utilizes  convention- 
al air-operated,  percussion  drilling  equipment  in  coniunction 
with  a special  bit  to  simultaneously  advance  the  hole  and 
drive  casing  at  rapid  rates  in  compatible  soils. 


7.3.1  Standard  Test  Boring  Methods 

Of  the  six  primary  methods  summarized  previously  in  this 
report,  three  techniques  were  employed  either  separately  or 
in  combination  to  accomplish  the  project  goals,  and  three  dif- 
ferent methods  of  borehole  stabilization  were  evaluated. 

The  primary  test  boring  technique  used  on  this  project 
consisted  of  the  rotary  drilling  method  with  mud  stabiliza- 
tion of  the  borehole  walls.  Rotary  drilling  consists  of  ad- 
vancing the  borehole  by  very  rapid  rotation  of  a drilling  bit 
which  cuts  and  grinds  the  sediments  at  the  bottom  of  the  bore- 
hole into  small  particles  or  "cuttings".  These  cuttings  are 
subsequently  removed  from  the  borehole  by  pumping  water  or  a 
drilling  fluid  (mud)  from  a surface  reservoir  of  varying  capac- 
ity, through  a closed  recirculation  system.  The  borehole 
cuttings  are  carried  to  the  surface  by  the  recirculating  fluid 
and  allowed  to  settle  out  into  a separate  section  of  the 
reservoir  (Figure  7-3) . A variety  of  drill  bits  are  available 
for  tlie  various  types  of  overburden  and  rock  encountered  and 
can  be  used  by  the  driller  as  the  situation  demands. 

Rotary  drilling  was  originally  developed  by  the  petroleum 
industry  for  the  drilling  of  deep  oil  wells.  Rotary  drills 
are  manufactured  in  a variety  of  sizes  and  styles,  ranging 
from  small,  hand-held  portable  drills  to  massive,  off-shore 
mineral  exploration  equipment.  The  careful  selection  of  the 
drilling  equipment  is  a very  important  aspect  of  any  subsur- 
face exploration  program.  The  equipment  must  be  capable  of 
meeting  all,  or  as  many  of  the  various  project  requirements 
as  possible,  have  sufficient  mobility,  and  possess  the  ability 
to  convert  rapidly  from  one  drilling  technique  to  another.  A 
hydraulic  feed  machine  is  always  preferred,  since  it  can  main- 
tain a constant  advance  pressure  through  varying  formation 
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densities,  thus  minimizing  erosion  and  disturbance  of  the 
in-situ  materials. 


TM 

FIGURE  7-3.  MIXING  REVERT  DRILLING  FLUID 
ADDITIVE  IN  THE  MUD  RESERVOIR 


Two  truck-mounted,  hydraulically  operated  rotary  drill 
rigs  were  used  to  obtain  the  majority  of  the  subsurface  explo- 
rations on  the  project.  A CME-TS"^^,  manufactured  by  the  Cen- 
tral Mine  Equipment  Company  (Figure  7-4)  and  a Mobile  856"^^, 
manufactured  by  Mobile  Drilling,  Inc.  (Figure  7-5) , are  com- 
pletely self-contained  units  which  have  the  capability  and 
the  mobility  of  meeting  the  multiplicity  of  project  require- 
ments . 

Borehole  stabilization  by  the  use  of  drilling  mud  elimi- 
nates the  costly  and  time  consuming  method  of  advancing  heavy 
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FIGURE  7-5.  MOBILE  B56™  DRILL  RIG 
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steel  casing.  Drilling  mud  is  simply  a mixture  of  water  and 
soil  particles  in  suspension  which  has  a specific  gravity  and 
viscosity  greater  than  water.  It  is  used  to  transport  the 
borehole  cuttings  to  the  surface,  maintain  a state  of  equili- 
brium within  the  borehole  and  act  as  a coolant  for  the  drill 
bit.  Suitable  muds  may  be  created  from  in-situ  clays  or  com- 
mercial products  which  will  effectively  stabilize  the  bore- 
hole wall  and  bottom  for  the  purpose  of  the  boring  operation. 
The  basic  mud  mixture  which  is  used  on  many  subsurface  explo- 
ration programs  is  bentonite  and  fresh  water  (approximately 
6 percent  bentonite  by  weight).  Attapulgite,  a non-floc-- 
culating  clay,  will  make  a suitable  mud  when  mixed  with  salt 
water.  Weight  additives,  such  as  pulverized  barite,  hematite, 
galena,  or  other  heavy  mineral  products,  may  be  added  to  the 
mixture  to  further  increase  specific  gravity  in  unstable  soils 
or  in  the  presence  of  artesian  conditions.  The  drilling  mud 
must  be  carefully  mixed  and  monitored  during  the  life  of  the 
test  boring  and  driller  expertise  is  required  to  maintain  the 
correct  mixture  balance  for  optimum  performance. 

The  study  requirements  dictated  that  two  basic  borehole 
sizes  be  obtained  for  the  purpose  of  representative  sampling 
and  to  facilitate  the  subsequent  installation  of  instrumenta- 
tion casing  for  future  monitoring  purposes.  Typical  site 
investigation  explorations  are  usually  in  the  2 to  4-inch  dia- 
meter range;  however,  in  an  effort  to  optimize  borehole  use 
and  eliminate  the  future  need  of  drilling  additional  costly 
test  borings,  the  diameters  were  increased  to  accommodate  the 
subsequent  geophysical  and  instrumentation  requirements  of 
the  study.  Nine,  6-inch  diameter,  explorations  were  obtained, 
in  which  detailed  overburden  and  rock  sampling,  in-situ  test- 
ing, instrumentation  casing  installation  and  geophysical  log- 
ging were  accomplished.  Although  the  actual  diameters  of  the 
boreholes  varied  slightly  depending  on  the  drill  bit  size, 
these  explorations  are  referred  to  as  6-inch  diameter  test 
borings  for  report  purposes. 

Fifteen,  4-inch  diameter,  unsampled  test  borings  were 
obtained  to  facilitate  the  installation  of  plastic  casing  for 
geophysical  logging  purposes,  and  the  subsequent  installation 
of  observation  wells  and  piezometers.  These  exploration  dia- 
meters also  varied  depending  on  the  drill  bit  size,  and  the 
actual  dimensions  of  all  the  explorations  are  indicated  on  the 
"Subsurface  Exploration  Summary"  included  as  Appendix  C. 

Due  to  the  presence  of  granular  fills  and  near-surface 
granular  outwash  deposits,  heavy  duty  steel  casing  was  driven 
into  a lower  clay  stratum  to  maintain  the  upper  10  to  15  feet 
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of  the  borehole.  Six- inch  inside  diameter,  flush  joint,  SW 
casing  was  employed  in  the  large  diameter  holes ^ and  4- 
inch,  flush  joint  HW  casing  was  used  in  the  small  diameter 
holes.  Standard  wash  boring  techniques  were  employed  to  re- 
move the  borehole  cuttings  within  the  "cased"  portions  of  the 
explorations.  Before  commencing  any  exploration,  all  bore- 
holes were  hand-augered  to  approximately  8 feet  to  deter- 
mine the  presence  of  underground  utilities.  Although  the 
numerous  underground  utilities  in  the  site  area  had  been 
cleared  by  the  various  utility  companies,  the  driller  elected 
to  confirm  the  absence  of  any  utilities  prior  to  advancing 
his  casing.  This  augering  of  the  upper  exploration  provided 
the  additional  advantage  of  closely  observing  the  near  sur- 
face fill  and  outwash  deposits. 

Once  the  borehole  cuttings  had  been  removed  from  the 
casing  with  recirculating  water,  a drilling  mud  was  mixed 
for  the  purpose  of  maintaining  borehole  wall  stability  in  the 
remaining  uncased  portion  of  the  exploration. 

To  minimize  environmental  pollution  and  to  facilitate 
the  subsequent  installation  of  observation  wells  and  piezo- 
meters in  the  completed  boreholes,  a biodegradable  organic 
polymer,  manufactured  by  the  Johnson  Division,  Universal  Oil 
Products  Company,  under  the  patented  trade  name  of  "Revert 
was  mixed  with  water  and  used  as  the  drilling  fluid  for  all 
the  subsurface  explorations.  Revert  has  the  important  charac- 
teristic of  automatically  changing  or  reverting  to  a fluid 
as  thin  as  water  after  a period  of  time. 

A heavy  mud  mixture  (approximately  10  to  20  lbs.  per  250 
gallons  of  water)  was  required  to  maintain  borehole  stability, 
but  additional  weight  additives  were  not  necessary.  The 
drilling  mud  was  pumped  through  a closed  recirculation  system 
by  a Moyno  3L6™  progressive  cavity  pump.  As  the  mud  mixture 
would  tend  to  lose  its  viscosity  in  approximately  24  hours, 
the  mixture  was  either  replaced  or  thickened  on  a daily  basis. 

Due  to  the  design  depth  of  the  test  borings  and  the  antic- 
ipitated  subsurface  conditions,  extra  heavy  drill  rods  were 
used  for  advancing  the  explorations.  The  American  Petroleum 
Institute's  (API)  3-1/2  inch  integral  joint  drill  pipe  was  used 
on  the  majority  of  the  larger  diameter  explorations.  The 
increase  in  weight  and  stiffness  of  the  drill  rods  gave  addi- 
tional stability  to  the  bit,  decreased  whip  and  vibration 
and  helped  keep  the  borehole  straight  and  uniform.  In  addi- 
tion, explorations  on  the  east  or  outbound  side  of  Massa- 
chusetts Avenue  and  in  close  proximity  to  the  proposed 
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tunnel  wall,  were  drilled  at  approximately  two  degrees  east 
inclination  to  provide  additional  clearance  at  depth.  The 
heavier  drill  rods  helped  maintain  this  slight  angle  of  the 
borehole.  The  smaller  diameter  boreholes  were  drilled  with 
the  more  conventional,  but  still  relatively  heavy.  Diamond 
Core  Drill  Manufacturer's  Association's  CDCDIIA)  2-5/8  inch  NW 
standard  diamond  core  drill  rods. 

A variety  of  rotary  drilling  bits  may  be  used,  depending 
on  the  density  and  type  of  the  material  penetrated.  Fish- 
tail bits  and  two-bladed  bits  are  used  in  relatively  soft  or 
loose  soils,  and  the  heavier  roller  bits  are  used  in  the 
denser  overburden  and  bedrock.  Various  sized  tri-cone  roller 
bits  were  the  primary  tool  used  in  advancing  the  boreholes  on 
the  study  (Figure  7-6) . 


FIGURE  7-6.  STUDY  DRILL  BITS 


In  all  cases,  the  overburden  below  the  upper  10  to  15  feet 
of  cased  hole  was  penetrated  and  stabilized  with  the  uncased, 
mudded  borehole  technique.  In  addition,  the  majority  of  the 
boreholes  which  penetrated  into  rock  were  obtained  in  the 
same  manner  with  only  a reduction  in  borehole  size  to  3 
inches.  In  those  explorations  which  required  the  recovery  of 
continuous  rock  core  samples,  a 3.5-inch  outside  diameter  NV7, 
flush- joint,  steel  casing  was  lowered  into  the  6-inch  diam- 
eter borehole  to  the  top  of  the  rock  to  provide  a guide  sleeve 
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and  minimize  vibrations  during  the  rock  coring  phase.  Fresh 
water  was  used  during  rock  coring  which  also  flushed  the 
drilling  mud  from  the  borehole. 

Prior  to  lowering  the  NW  casing  into  the  borehole,  geo- 
physical electric  logging  was  conducted  in  the  uncased  por- 
tions of  the  borehole.  This  geophysical  procedure  can  only 
be  conducted  in  uncased  holes  and  is  discussed  in  detail  later 
in  Section  7.6.3  of  this  report. 

Upon  completion  of  all  required  sampling  and  testing  in 
the  borehole,  various  types  of  plastic  instrumentation  casing 
were  installed  in  the  completed  boreholes  for  future  monitor- 
ing (Figure  7-7) . The  installation  procedures  and  materials 
employed  for  long-term  ground  movement  monitoring  will  be 
discussed  in  a separate  report  to  be  prepared  during  Stage  II 
of  this  study. 


FIGURE  7-7.  INSTALLATION  OF  PVC  GEOPHYSICAL/ 
INSTRUMENTATION  CASING 
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Installation  of  a 2.5-inch  flush  coupled  polyvinyl- 
chloride (PVC)  casing  was  required  in  all  completed,  non- 
instrumented  boreholes  to  provide  stability  for  borehole  geo- 
physical survey  purposes.  These  casing  installations  were  also 
modified  for  future  ground  water  observation  purposes  and  are 
discussed  in  additional  detail  in  Section  7.7.3  of  this  report. 

Upon  completion  of  all  the  various  sampling  and  testing 
procedures,  all  non-instrumented  boreholes  were  tremie  grouted 
with  cement  from  the  bottom  of  the  exploration.  Instrumentation 
and  certain  advanced  rock  sampling  methods  which  required 
special  types  of  grouts  for  installation  or  recovery  purposes 
are  discussed  in  more  detail  under  the  applicable  report 
sections.  The  type  and  depth  range  of  the  borehole  grout  for 
each  exploration  is  summarized  on  the  Subsurface  Exploration 
Summary  (Appendix  C) . 

The  rotary  drilling  method  used  v/ith,  borehole  fluid  (mud) 
stabilization  was  conducted  with  highly  satisfactory  results. 

On  only  two  occasions  did  local  wall  sloughing  require  the 
redrilling  of  the  borehole  to  accommodate  the  various  sampling 
tools.  It  is  believed  that  on  these  occasions  the  drilling 
fluid  had  commenced  to  break  down  and  the  borehole  equilibrium 
was  not  maintained.  The  numerous  cobbles  and  boulders  in  the 
glacial  till  stratum  which  would  have  required  borehole  size 
reduction  if  casing  had  been  used,  was  not  necessary.  Drill- 
ing production  rates  averaged  approximately  10  feet  per  hour 
in  the  6-inch  diameter  test  borings.  This  is  considered  to 
be  an  excellent  advancement  rate  for  the  diameter  of  the 
exploration  and  the  degree  of  difficulty  in  penetrating  the 
dense  glacial  till. 

Drilling  fluids  can  be  lost  when  lenses  or  pockets  of 
highly  permeable  strata,  such  as  clean  gravel,  are  encountered, 
especially  in  the  presence  of  a strong  groundwater  flow.  How- 
ever, these  permeable  zones  can  be  sealed  by  the  addition  of 
cement,  straw,  or  other  commercial  fibrous  products  to  the 
drilling  fluid  which  will  be  deposited  in  these  zones  and  seal 
off  the  pervious  strata. 

Based  on  current  New  England  prices,  the  study  costs  for 
rotary  drilled,  uncased,  mud -stabilized  overburden  drilling 
of  $7.90  per  foot  is  estimated  to  be  less  than  one  half  the 
unit  price  of  similar  casing  stabilized  holes. 

In  compatible  soils,  exploration  techniques  employing 
rotary  drilling  methods  with  uncased,  mud  stabilization  will 
provide  cost-effective  and  timely  data,  without  decreasing 
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the  quality  of  the  results.  With  the  proper  selection  and 
use  of  drilling  mud,  it  is  possible  to  obtain  more  accurate 
subsurface  information  than  could  be  obtained  with  the  indis- 
criminate use  of  casing. 

Additional  data  relative  to  unit  prices  and  exploration 
costs  are  presented  in  Section  10. 


TM 

7.3.2  ODEX  Drilling 

7. 3. 2.1  General  - Many  indirect  subsurface  exploration  tech- 
niques, such  as  downhole  geophysical  logging,  borehole  seismic 
surveys,  and  numerous  other  exploratory  procedures,  require  a 
small  diameter  hole  or  holes  within  which  to  work.  In  addi- 
tion, instrumentation,  such  as  inclinometers,  extensometers , 
observation  wells,  piezometers,  etc.,  require  small  diameter 
holes  into  which  the  instruments  are  installed.  For  many  of 
these  methods  to  be  most  cost  effective,  it  is  essential  to 
develop  a procedure  for  drilling  small  diameter,  unsampled 
holes  rapidly  and  at  minimum  cost.  Through  the  use  of  such 
holes  with  indirect  logging,  and  in  combination  with  conven- 
tional sampled  test  borings,  a thorough  definition  of  sub- 
surface conditions  could  be  developed  at  minimal  costs. 

A drilling  system  currently  used  in  the  construction 
industry  for  installing  earth  anchors,  tiebacks , etc.,  has 
the  potential  to  advance  unsampled,  cased  holes  in  overburden 
soils  at  remarkable  rates  in  favorable  conditions.  The  equip- 
ment utilizes  conventional  air-operated,  percussion  drilling 
equipment  utilized  in  the  industry  for  decades.  The  standard 
percussion  drilling  equipment  has  been  modified  by  the  Swedish 
firms  of  Atlas  Copco  and  Sandvik  Coromant  to  facilitate  the 
installation  of  heavy  duty,  removable  casing  for  borehole 
stabilization  in  conjunction  with  the  drilling  operation.  The 
modified  system  is  referred  to  as  the  ODEX  system. 

Conventional  rotary  percussion  drilling,  which  has  the 
capacity  to  rapidly  penetrate  obstructions  and  bedrock,  does 
not  have  the  capability  of  concurrent  borehole  casing  stabili- 
zation. Without  this  stabilization,  drill-bit  plugging  and 
jamming  in  overburden  materials  occur.  Therefore,  until 
relatively  recently,  rotary  percussion  drilling  has  been  con- 
fined to  rock  drilling  where  borehole  stabilization  is  not 
required.  With  the  recent  ODEX  modifications,  the  equipment 
now  has  the  capability  of  drilling  rapid,  unsampled,  cased, 
small  diameter  holes  in  compatible  overburden  soils. 
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ODEX  drilling  equipment  was  mobilized  and  incorporated 
within  the  study  for  use  in  drilling  unsampled  test  borings 
at  the  Holiday  Inn  Site  to  facilitate  planned  geophysical 
measurement  and  instrumentation  installation. 


7. 3. 2. 2 ODEX  Systems  - The  ODEX  drilling  equipment  consists 
of  a standard  rotary  percussion  drill  rig  (Figure  7-8)  equip- 
ped with  a specially  designed  Sandvik  drill  bit.  The  bit 
consists  of  three  parts  (Figure  7-9) ; 

a.  Pilot  bit 

b.  Reamer 

c . Guide 

The  eccentric  reamer  has  the  capability  to  drill  a hole 
larger  than  the  outer  diameter  of  the  steel  borehole  casing. 


FIGURE  7-8. 


TM 

ODEX  EQUIPPED  "AIR  TRACK"  DRILL  RIG 
ON  BORING  TSC  22 
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The  pilot  bit  is  machined  in  a single  piece  and  carries 
4 cemented  carbide  cutting  inserts  with  the  reamer  equipped 
with  2 cemented  carbide  cutters.  The  ODEX  bit  system  is 
available  in  three  different  sizes: 


Pilot  bit 
Reamer  bit 


ODEX  76 

2 3/4  in. 

3 25/32  in. 


ODEX  115 

4  5/16  in. 
6 in . 


ODEX  127 

4 5/16  in. 
6 3/8  in. 


BOREHOLE 
CUTTING  GUIDE 


ADAPTER 


EXTENDED 
REAMER  BIT 

PILOT  BIT 


FIGURE  7-9. 


ODEX  76™  BIT  WITH  EXTENDED  REAMER 


As  the  pilot  bit  drills  the  overburden  materials  at  the 
bottom  of  the  hole,  drill  rod  rotation  automatically  swings 
out  the  eccentric  reamer  which  enlarges  the  hole  so  the  cas- 
ing can  advance  behind  the  ODEX  bit  (Figure  7-10) . A portion 
of  the  impact  energy  is  transferred  from  the  rock  drill  by 
way  of  a shank  adapter  to  a driving  cap  above  the  casing 
which  is  advanced  without  rotation. 
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FIGURE  7-10. 

ODEX  ™ bit  advancing  WITH 
ECCENTRIC  REAMER  EXTENDED 
AND  CASING  FOLLOWING 


FIGURE  7-11. 

ODEX  BIT  WITHDRAWN  WITH 
ECCENTRIC  REAMER  RETRACTED 


0 

V 

E 

R 

B 


FIGURE  7-12.  CONVENTIONAL  ROCK 

drillujg  in  odex  borehole 
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When  the  drilling  is  completed,  the  drill  bit  is  rotated 
in  the  opposite  direction,  aligning  the  eccentric  reamer  with 
the  drill  bit.  This  allows  the  drill  tools  to  be  withdrawn 
into  the  casing  (Figure  7-11) . If  the  ODEX  ™ hole  has  pene- 
trated into  solid  rock,  drilling  can  continue  with  convention- 
al equipment  through  the  casing  tube  (Figure  7-12) . Inexpen- 
sive, smaller  diameter  plastic  casing  may  be  lowered  through 
the  temporary  heavy  duty  steel  casing,  which  is  removed 
after  completion  of  the  drilling,  for  future  monitoring  and 
instrumentation  installation  purposes. 

The  ODEX  bit  is  specially  designed  to  screen  the  borehole 
cuttings  and  to  allow  only  the  smallest  particles  to  pass  up 
the  casing.  The  oversize  particles  are  forced  back  into  the 
bottom  of  the  hole  and  recrushed  and  then  transmitted  to  the 
surface  by  a foam  flushing  agent.  The  foaming  agent,  which 
assists  in  disintegrating  and  lifting  the  cuttings  up  the 
casing,  also  lubricates  and  seals  the  borehole  walls,  allow- 
ing the  casing  to  slide  more  easily  into  the  borehole  (Fig- 
ure 7-13) . 


FIGURE  7-13.  FOAM  FLUSHING  AGENT 
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DFA51  , a special  biodegradable,  non-polluting  foaming 
concentrate  developed  by  Atlas  Copco,  is  mixed  at  a ratio  of 
0.5  to  4 parts  concentrate  to  100  parts  water. 

The  conventional  rock  drill  is  further  modified  by  the 
addition  of  a specially  designed  Atlas  Copco  double-acting 
pneumatic  drive  hammer  which  operates  in  the  traditional 
manner,  with  impact  and  rotation  transmitted  by  means  of  the 
drill  rods.  This  hammer  is  manufactured  in  either  the  top 
hammer  or  down-the-hole  mode  and  may  be  combined  with  special 
casing  lifters  for  grouting  purposes.  This  specialized  equip- 
ment may  be  adapted  to  standard  truck-mounted  drill  rigs  to 
supplement  the  more  conventional  subsurface  exploration  tech- 
niques . 


7. 3.2.3  ODEX  Application  and  Performance  - The  ODEX  equipment 
was  utilized  on  a trial  and  demonstration  basis  to  advance 
test  boring  TSC  22,  an  unsampled  hole  at  the  Holiday  Inn  Site 
planned  for  geophysical  m.easurements . The  equipment  utilized 
was  a Chicago  Pneumatic  39  00'f’l  "air  track equipped  with  an 
Atlas  Copco  BBE53'^^  double-acting  hammer  and  an  ODEX  76  drill 
bit  (Figure  7-14) . 

TM 

A Rotair  75  air  compressor,  manufactured  by  Holman 
Brothers  Limited,  Camborne,  England,  rated  at  750  cubic  ft/min 
at  160  psi,  supplied  the  drill  rig  energy  source.  The  air 
compressor  required  the  presence  of  an  operating  engineer, 
thereby  increasing  the  drilling  crew  from  the  2 men  used  in 
conventional  drilling  to  3 men  (Figure  7-15) . 

The  mobility  and  size  of  the  air  track  and  the  capability 
of  being  removed  from  the  energy  source  allow  access  to  areas 
which  would  be  inaccessible  for  conventional  drill  rigs  simi- 
lar to  those  described  in  Section  7.3.1.  Approximately  3 
hours  was  required  for  initial  unloading  and  setup  on  boring 
TSC  22. 

During  a contractor  sponsored  site  demonstration  con- 
ducted in  an  open  storage  yard,  the  ODEX  equipment  was  moni- 
tored for  noise  level  and  was  found  to  meet  the  requirements 
of  the  City  of  Cambridge.  However,  immediately  after  the 
initiation  of  drilling  on  TSC  22,  it  became  apparent  that  the 
buildings  within  the  test  section  tended  to  reflect  the  noise, 
causing  concentrations  and  general  levels  well  above  ambient 
levels.  The  constant  noise  precipitated  immediate  complaints 
from  merchants  and  residents  in  the  area.  No  complaints  of 
excessive  noise  had  been  received  during  conventional  drilling. 
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FIGURE  7-14.  CHICAGO  PNEUf/lATIC  G900™ 

EQUIPPED  WITH  ATLAS  COPCO™ 
DOUBLE  ACTING  HAMMER 


Using  the  ODEX  76  ™ system,  a borehole  2-3/4  inches  in 
diameter  was  reamed  to  approximately  4 inches  in  diameter. 
Heavy-duty,  flush-joint,  steel  NQ  casing  was  installed  in 
the  borehole  in  conjunction  with  the  drilling  operations. 

The  upper  16  feet  of  sand  and  gravel  was  penetrated  at  a rate 
of  2 feet  per  minute. 

However,  upon  encountering  the  underlying  clay  stratum, 
the  bit  immediately  plugged  and  removal  of  the  drilling  tools 
for  cleaning  was  required  several  times  before  final  penetra- 
tion of  the  clay  stratum  was  possible  (Figure  7-16) . 
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FIGURE  7-15.  ROTAIR  75  COMPRESSOR 


Although  the  cobbles  and  boulders  which  were  present  in 
the  glacial  till  did  not  present  any  penetration  problems  to 
the  ODEX  ™ system,  the  silt  and  clay  content  within  the  glacial 
till  plugged  the  bit  with  regularity.  The  driller  attempted 
various  methods  to  unplug  the  bit  while  it  remained  in  the 
borehole.  Basically,  this  involved  pumping  a surge  of  air 
down  the  drill  rods,  which  had  the  immediate  effect  of  blow- 
ing borehole  cuttings  and  mud  over  a wide  area  at  the  ground 
surface  (Figure  7-17).  In  an  attempt  to  improve  the  drilling 
performance,  various  commercial  foams  were  used^  including 
Schramm  Rota  FoamTM  and  Baroid  Quik  Foam'lM^  at  an  approximate 
concentration  of  1 gallon  of  foam  concentrate  to  50  gallons 
of  water.  Drilling  without  the  use  of  foam  was  also  attempted, 
but  all  methods  failed  to  keep  the  drill  bit  from  plugging  on 
a regular  basis.  A maximum  production  rate  of  approximately 
10  feet  per  hour  was  achieved.  However,  the  overall  borehole 
production  rate  averaged  only  about  4 feet  per  hour.  It 
had  been  anticipated,  based  on  previous  contractor  production 
rates,  that  an  average  drilling  rate  in  excess  of  10  feet  per 
hour  could  be  expected. 

With  continuing  production  problems,  environmental  con- 
cerns and  a growing  antipathy  of  the  local  residents,  the 
ODEX  system  evaluation  was  terminated  at  70  feet  in  TSC  22. 
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FIGURE  7-16.  FIGURE  7-17. 

ODEX  ™ bit  plugged  "UNPLUGGING"  THE  ODEX  BIT 

BY  THE  MARINE  CLAY 


Although  the  performance  of  the  ODEX  drilling  system 
was  disappointing  in  the  test  application,  it,  like  other 
methodologies,  has  limitations  which  must  be  considered  when 
applied  to  specific  site  conditions.  The  use  of  a down-the- 
hole  hammer,  which  was  not  available  for  use  in  the  test 
application,  would  have  minimized  the  surface  noise  level. 

In  addition,  because  of  the  environmental  concerns,  the 
driller  was  restricted  and  could  not  operate  the  drilling 
equipment  at  its  optimum  level. 

The  ODEX  drilling  system,  which  is  a proven  technology 
in  other  applications,  does  not  appear  to  be  a suitable  sub- 
surface exploration  tool  in  residential  urban  areas,  or  where 
the  subsurface  conditions  below  the  groundwater  table  contain 
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an  excessive  amount  of  fine  material.  As  with  any  sophisti- 
cated exploration  technique,  driller  expertise  is  absolutely 
essential. 

The  costs  for  the  ODEX  ™ evaluation  were  computed  based  on 
a lump  sum  mobilization  and  dismantling  fee  of  $1100  plus 
$125/hr.  for  time  on  the  project.  Based  on  the  actual  foot- 
age drilled  and  the  time  required  to  accomplish  this  produc- 
tion, a comparative  unit  price  of  $44  per  foot  is  associated 
with  the  ODEX  drilling.  Deducting  the  lump  sum  mobilization 
and  dismantling  costs  and  chargeable  non-productive  time, 
the  actual  drilling  costs  were  $20  per  foot.  However,  appli- 
cation of  the  ODEX  system  in  a more  suitable  environment 
would  further  decrease  this  average  footage  cost.  For  com- 
parison, the  unit  price  for  overburden  drilling  with  conven- 
tional hydraulic  rotary  drill  rigs  was  $7.90  per  foot. 


7.4  OVERBURDEN  SAMPLING 


7.4.1  General 


Once  the  selection  of  the  test  boring  methodology  has 
been  determined  based  on  the  anticipated  subsurface  geological 
conditions,  the  types  of  overburden  samples  required  for  engi- 
neering analysis  and  their  method  of  recovery  is  selected. 

The  numerous  sampling  devices  based  on  the  type  of  sample 
they  are  capable  of  obtaining  are  divided  into  two  broad  cate- 
gories : 

a.  Disturbed  samples 

b,  . Undisturbed  samples 

A disturbed  sample  is  a representative  sample  of  a selec- 
ted geological  unit  which  has  undergone  structural  alteration 
or  contamination  by  the  sampling  operation.  These  types  of 
samples  are  used  for  classification  purposes  and  are  obtained 
primarily  by  "open  drive"  samplers.  Borehole  cuttings  and 
other  displacement  type  samples  would  also  be  classified  as 
"disturbed" . 

Undisturbed  samples  are  those  which  have  been  obtained 
by  methods  which  minimize  disturbance  and  are  suitable  for 
laboratory  testing.  A completely  undisturbed  sample  cannot 
be  obtained  with  present  technology,  and  any  undisturbed 


7-26 


sample  may  become  "disturbed"  during  subsequent  handling  or 
transportation . 

As  with  any  subsurface  exploration  program,  the  specific 
subsurface  geological  conditions  in  the  project  area  will 
dictate  the  most  applicable  method  of  recovering  representa- 
tive samples  for  engineering  analysis. 

The  very  compact  glacial  tills  v/hich  are  encountered 
within  the  test  section  on  this  project  are  similar  in  na- 
ture to  glacially  consolidated  overburden  soils  through- 
out the  northern  United  States  and  Canada.  The  equipment  and 
procedures  utilized  during  the  field  exploration  evaluation 
phase  reflect  the  density  and  composition  of  these  sediments. 
Although  many  of  the  procedures  and  equipment  are  designed 
for  use  in  glacial  tills  or  hardpan,  most  have  the  capability 
to  function  in  other  geological  deposits.  The  absence  of 
soft,  cohesive  sediments,  or  loose,  fine  grained  granular 
soils  precludes  the  evaluation  of  such  devices  as  the  cone 
penetrometer  and  the  various  borehole  shear  devices . 


7.4.2  Drive  Samples 

Drive  sampling  is  the  most  common  method  of  obtaining 
representative,  disturbed  samples  of  the  overburden  materials 
for  engineering  analysis.  Drive  samplers  are  divided  into  two 
basic  groups,  open  samplers  and  piston  samplers.  The  open 
sampler  is,  as  its  name  suggests,  always  open  at  the  lower 
end  and  soil  materials  enter  into  the  sampler  as  it  is  forced 
into  the  ground.  The  piston  sampler  contains  a movable  plug 
or  piston  which  is  temporarily  locked  at  the  bottom  of  the 
sampler  to  prevent  undesirable  materials  from  entering  the 
tube  as  it  is  pushed  into  the  soil.  As  the  major  soil  unit 
encountered  in  the  test  section  is  glacial  till,  the  piston 
sampler  was  not  used  and  is  not  discussed  further  in  this 
report  (Figure  7-18) . 

The  drive  sampler,  of  which  there  are  many  varieties, 
consists  of  a heavy -walled , open  steel  tube  which  is  forced 
into  the  soil,  usually  by  repeated  blows  of  a standard  weight 
falling  a constant  height. 

Split-tube  or  split-spoon  samplers  are  the  most  prevalent 
type  of  open  drive  samplers  used  in  subsurface  exploration 
programs  today.  The  split-spoon,  which  is  cut  into  two  longi- 
tudinal sections,  is  driven  into  the  soil  at  the  bottom  of 
the  borehole,  and  the  recovered  sample  is  removed  for  classi- 
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FIGURE  7-18.  STATIONARY  PISTON  SAMPLER 


fication  and  preservation  in  the  event  additional  reference 
or  laboratory  testing  is  required.  The  split-spoon  sampler 
is  available  in  a variety  of  sizes  and  lengths.  Various 
baskets,  sleeves,  or  "trap  doors"  can  be  added  to  the  sampler 
to  assist  in  the  retention  of  the  sample  during  the  recovery 
process.  Figure  7-19  summarizes  the  more  popular  sizes  of 
the  basic  split-spoon  sampler. 

The  penetration  or  dynamic  resistance  of  the  split-spoon 
as  it  penetrates  into  the  soil  strata  constitutes  a type  of 
in-situ  testing  which  was  first  developed  in  the  Boston  area 
about  1927  (Mohr,  8-24) , 

A variety  of  methods  and  equipment  for  obtaining  the 
measure  of  penetration  resistance  has  been  standardized  by 
the  American  Society  for  Testing  and  Materials  (ASTM  D-1586- 
67)  (AASHTO  T-206-70) . The  Standard  Penetration  Test  (SPT) 
consists  of  counting  the  number  of  blows  required  to  drive  a 
2-in.  O.D.  X 1-3/8  in.  I.D.  open  drive  sampler  a distance  of 
1 foot  with  a 140  lb.  hammer  free-falling  30  inches.  The 
sampler  is  usually  driven  a total  of  18  inches  and  the  blows 
are  recorded  per  6 inches  of  penetration.  The  penetration 
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SIZE 

SHOE 

I.D. 

CON- 

NEC- 
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SPLIT 

SECTION 
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2"0.D.  X 1-1/2"  I.D. 

l-3/e" 

AW 

12",  18",  24" 

2-l/2"0.D.x2"  I.D. 

1-7/8" 

AW 

12",  18",  24" 

3"  O.D.  X 2-1/2"  I.D. 

2-3/8" 

NW 

12",  18",  24" 

3 1/2"  O.D.  X 3"  I.D. 

2-7/8" 

NW 

12",  18",  24" 

4 1/2"  O.D.  X 4"  I.D. 

3-7/8" 

NW 

18"  24" 

ALSO  AVAILABLE  IN  SOLID  BARRELS 
UP  TO  60  INCHES  IN  LENGTH  AND 
HINGED  TYPE  SPLIT  TUBES 


BALL  CHECK 
ADAPTER  SLEEVE 


SPLIT  TUBE 


DRIVE  SHOE 


FIGURE  7-19.  STANDARD  SPLIT-SPOON  SAMPLER 


resistance  (N)  is  determined  by  adding  the  second  and  third 
6-inch  penetration  resistance  blow  counts.  A penetration 
rate  of  100  blows  per  foot  is  normally  considered  "refusal"; 
however,  this  criterion  may  be  varied  depending  on  the  de- 
sired information.  As  in  the  drilling  techniques  discussed 
previously  in  this  report,  heavy  duty  2-5/8  inch  N size  drill 
rods  should  be  employed  in  obtaining  drive  samples  in  the 
deeper  and  larger  diameter  borings  for  stability  during  the 
driving  operations. 

When  the  relative  density  of  the  soil  structure  is 
critical  (such  as  liquefaction  studies)  , an  automatic  trip 
hammer  is  commercially  available  which  ensures  a 30-inch 
free-fall  drop  (Figure  7-20)  . 
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FIGURE  7-20.  AUTOMATIC  FREE-FALLING 
TRIP  WEIGHT 


The  relationship  between  the  consistency  or  relative 
density  of  the  soils  and  the  dynamic  penetration  resistance 
is  summarized  below: 


NON-COHESIVE  SOILS 


COHESIVE  SOILS 


Relative  Number  of  blows  Consistency 

Density  per  foot  (N)  


Number  of  blows 
per  foot  (N) 


Very  loose 

< 5 

Very  soft 

Loose 

6 

- 10 

Soft 

Medium  dense 

11 

- 30 

Medium  stiff 

Dense 

31 

- 50 

Stiff 

Very  dense 

> 

- 51 

Very  stiff 
Hard 

< 3 
4-5 
6-10 
11  - 15 
16  - 30 
> - 31 


The  majority  of  the  project  drive  samples  were  obtained 
with  the  2-in.  O.D.  split-spoon  sampler.  However,  due  to  the 
high  in-situ  density  of  the  glacial  till  and  the  presence  of 
cobbles  and  boulders,  all  samples  v;ere  obtained  by  driving  the 
split-spoon  with  a 300-lb.  hammer  free-falling  24  inches.  For 
sampling  consistency,  the  heavier  hammer  was  used  in  all  dyna- 
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mic  testing  and  with  only  a few  exceptions,  the  penetration 
resistance  varied  from  100  to  in  excess  of  400  blows  per  foot, 
well  beyond  the  range  of  the  standard  penetration  test  appli- 
cation. 

Continuous  or  semi-continuous  samples  were  obtained  in 
the  range  of  the  proposed  tunnel  construction  in  six  of  the 
explorations.  This  method  permitted  a more  detailed  evalua- 
tion of  isolated  and  local  lenses  of  cohesive  and  granular 
materials  which  are  common  within  the  glacial  till  unit.  The 
standard  sampling  interval  of  5 feet  was  maintained  in  the 
remaining  sampled  explorations. 

In  most  instances,  sample  recovery  was  good  to  excellent; 
however,  penetration  of  the  sampler  was  usually  terminated 
after  6 to  12  inches  of  penetration.  Destruction  or  loss  of 
the  split-spoon  is  always  a potential  risk  in  exceedingly 
dense  and  granular  materials. 

The  heavier  and  larger  diameter  3-inch  O.D.  split-spoon 
sampler  was  also  used  to  recover  sufficient  quantities  of 
glacial  till  material  for  laboratory  classification  testing. 
The  larger  diameter  split-spoon  created  excessive  penetration 
resistance  or  encountered  "refusal"  on  the  coarser  fractions 
of  the  till.  The  smaller,  2-inch  diameter,  open  drive  sampler 
was  found  to  be  more  applicable  for  obtaining  representative 
samples  in  the  glacial  till  environment  within  the  project 
area. 


All  samples  were  preserved  in  quart  jars  for  classifica- 
tion purposes  and  additional  laboratory  testing. 

Obtaining  representative  samples  for  engineering  analysis 
with  open-drive  samplers  is  standard  procedure  in  geotechnical 
engineering.  The  principal  advantage  of  the  open-drive  sam- 
plers is  their  simplicity  in  construction  and  operation  and 
their  relative  economy  for  evaluating  in-situ  soil  parameters 
through  widely  accepted  empirical  correlations  and  recovering 
representative  specimens  for  classification  and  laboratory 
testing.  However,  there  are  limitations  in  open-drive  sam- 
pling, and  reasonable  and  careful  evaluation  of  the  data  must 
be  exercised.  Several  studies  have  been  conducted  (deMello, 
17-17) , (Schmertmann,  9-26)  , (Ireland,  9-13)  which  summarize 
the  advantages  and  disadvantages  of  the  Standard  Penetration 
Test.  Some  of  the  disadvantages  associated  with  open  drive 
sampling  is  that  the  sample  may  become  highly  disturbed  or 
contaminated  during  penetration  and  may  not  be  representative 
of  the  stratum  sampled.  Also,  excessive  hydrostatic  pressures 
or  penetration  friction  may  indicate  erroneous  in-situ  rela- 
tive densities.  These  acknowledged  inconsistencies  do  not 


decrease  the  practical  importance  of  the  open-drive  sampler. 
Precise  geotechnical  data  from  penetration  resistance  is  not 
within  the  capability  of  the  procedure.  Its  purpose  is  to 
obtain  an  approximate  comparison  of  the  various  in-situ  geo- 
logical conditions  and  to  provide  samples  for  classification 
testing. 

In  the  New  England  area,  costs  associated  with  open-drive 
sampling  and  standard  penetration  testing  are  usually  assimi- 
lated into  the  overall  cost  of  obtaining  a drive  sample  boring 
in  overburden.  No  additional  payment  is  made  for  obtaining 
what  is  considered  to  be  a normal  function  of  the  test  boring 
operation.  However,  the  contract  arrangements  for  this  study 
allowed  separate  payment  for  2-inch  and  3-inch  split-spoon 
samples  which  allowed  the  drilling  contractor  to  compute  a 
lower  uniform  rate  for  overburden  drilling  exclusive  of  sam- 
pling interval,  sample  diameter,  etc.  This  contractual  pro- 
cedure eliminates  the  unknown  aspect  of  the  number  and  type 
of  samples  which  will  be  required  during  the  conduct  of  the 
work.  Contract  specifications  usually,  require  a "sample  at 
every  strata  change  and  not  to  exceed  a 5-foot  interval 
between  sampling". 

By  utilizing  this  separate  payment  item  for  drive  sam- 
pling, this  study  and  other  recent  exploration  programs  indi- 
cate that  an  overall  savings  of  10  to  12  percent  can  be 
realized  in  the  cost  of  obtaining  a basic  test  boring. 


7.4.3  Rotary  Core  Barrel  Sampling 

A variety  of  core  barrels,  which  were  originally  devel- 
oped for  drilling  and  sampling  of  bedrock,  have  been  modified 
or  adapted  by  the  drilling  industry  to  obtain  "undisturbed" 
overburden  samples  in  very  dense  or  partially  cemented  soils. 
These  core  barrels  are  used  when  the  more  conventional  piston- 
type  samples  (Section  7.4.1)  cannot  penetrate  the  selected 
geological  unit. 

There  are  many  local  variations  in  the  type  and  mechanics 
of  these  core  barrels  which  are  commercially  available  under 
a variety  of  trade  names.  Three  of  the  more  popular  types  of 
rotary  core  barrel  samplers  were  used  on  the  project  and  are 
discussed  herein. 

TM 

7. 4. 3.1  Denison  Sampler  - The  Denison  core  barrel  was  first 
developed  in  1939  by  the  Denison  District,  U.S.  Army  Corps  of 
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Engineers  and  is  presently  manufactured  under  exclusive  patent 
rights  held  by  the  Acker  Drill  Company,  Inc.,  Scranton, 
Pennsylvania . 

The  Denison  ™ Sampler  is  designed  to  recover  undisturbed, 
thin-wall  samples  in  glacial  tills,  hard  clays,  partially 
cemented  soils,  or  soft  and  weathered  rock.  The  sampler  con- 
sists of  a double-tube,  swivel-type  core  barrel  with  a non- 
rotating inner  thin-wall  steel  or  brass  liner  designed  to 
retain  the  sample  during  penetration  and  subsequent  transpor- 
tation to  the  laboratory  (Figure  7-21) . 


Figure  7-21.  DISASSEMBLED  DENISON  SAMPLER 


The  inner  liner  tube  of  the  Denison  has  a sharp  cutting 
edge  which  can  be  extended  from  zero  to  about  3 inches 
beyond  the  outer  rotating  cutter  bit.  The  amount  of  exten- 
sion can  be  varied  by  means  of  interchangeable  saw  tooth 
cutter  bits  which  are  preselected,  depending  on  the  antici- 
pated formation  which  is  to  be  sampled.  The  maximum  exten- 
sion is  used  in  relatively  soft  or  loose  soils  and  a cutting 
edge  flush  with  the  coring  bit  is  used  in  hard  or  cemented 
formations.  An  important  feature  of  the  Denison  is  a system 
of  check  valves  and  release  vents  which  bypass  the  hydro- 
static pressure  buildup  within  the  inner  sampling  tube, 
improving  sample  recovery  and  minimizing  pressure  disturbance 
of  the  sample. 

The  Denison  Sampler  is  rotated  into  the  formation  in  the 
same  manner  as  conventional  rock  coring  procedures,  in  either 
a cased  or  mudded  borehole.  The  Sampler  is  designed  for  use 
with  water,  mud  or  air  and  is  available  in  five  sizes,  rang- 
ing from  2-15/16  inch  O.D.  to  7-3/4  inch  O.D.  A schematic 
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drawing  of  the  Acker  Denison  Rotary  Core  Barrel  Sampler  is 
shown  in  Figure  7-22. 
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FIGURE  7-22.  DENISON™  CORE  BARREL 


Due  to  the  presence  of  the  glacial  till  deposits  and  the 
anticipated  density,  the  smaller  diameter  2-15/16  inch  sam- 
pler was  used  on  the  project.  This  sampler,  which  requires  a 
minimal  borehole  size  of  3-1/16  inches,  would  be  more  appli- 
cable for  transit  system  subsurface  exploration  programs. 

The  larger  the  diameter  of  any  sample  recovered,  the  more 
interior  sample  disturbance  is  minimized.  This  would  provide 
additional  laboratory  testing  operations  and  increased  reli- 
ability of  data. 

Various  saw-tooth  cutter  bit  extensions  were  selected 
and  tested,  but  all  attempts  to  recover  a satisfactory  sample 
were  unsuccessful.  The  lack  of  success  of  sample  recovery 
was  not  due  to  a deficiency  in  the  Denison  Sampler,  but  due 
to  the  high  density  and  the  presence  of  cobbles  and  boulders 
in  the  glacial  till.  During  sampling  attempts,  the  inner 
sampler  tube  in  the  extended  position  would  completely  col- 
lapse during  penetration,  or  else  "refusal"  would  be  encoun- 
tered on  cobbles  and  boulders  which  could  not  be  penetrated 
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with  the  saw-tooth  cutter  bit. 

TM 

Although  the  Denison  Sampler  was  found  not  to  be  compat- 
ible with  the  subsurface  conditions  in  the  study  area,  it  is 
considered  to  be  a useful  sampling  device  in  dense  formations 
which  cannot  be  sampled  by  more  conventional  methods . As  with 
all  subsurface  exploration  procedures  and  equipment,  there 
are  inherent  limitations  and  the  most  applicable  sampling 
device  must  be  carefully  selected  for  the  anticipated  subsur- 
face conditions.  The  unit  price  for  Denison  Rotary  Core 
Barrel  samples  obtained  during  the  course  of  the  study  was 
$120  per  sample. 


7.4. 3. 2 Pitcher  ™ Sampler  - The  Pitcher  Rotary  Core  Barrel 
Sampler  is  a modification  of  the  Denison  sampler  which  was 
developed  by  the  Pitcher  Drilling  Company,  Inc.,  Daly  City, 
California  in  1960  and  is  presently  manufactured  and  distri- 
buted by  Mobile  Drilling  Incorporated,  Indianapolis,  Indiana. 

The  Pitcher  Sampler  was  also  developed  to  recover  undis- 
turbed thinwall  samples  in  formations  which  are  too  dense 
for  conventional  thinwall  sampler  penetration.  The  Pitcher 
Sampler  consists  of  a single-tube,  swivel-type  core  barrel 
with  a self-adjusting,  spring-loaded,  inner  thin-v/all  sample 
tube  which  telescopes  in  and  out  of  the  cutter  bit  as  the 
hardness  of  the  material  varies.  This  telescoping  aspect 
eliminates  the  need  to  pre-select  a fixed  inner  barrel  shoe 
length  as  with  the  Denison  Sampler,  which  cannot  be  varied 
once  drilling  has  commenced  (Figure  7-23) . 


FIGURE  7-23. 


DISASSEMBLED  PITCHER™  SAMPLER 
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The  inner  steel  or  brass  thinwall  liner  tube  has  a sharp 
cutting  edge  which  projects  a maximum  of  6 inches  beyond 
the  saw-tooth  cutter  bit  in  its  normal  assembled  position 
(Figure  7-24).  As  the  sampler  enters  the  borehole,  a sliding 
valve  directs  the  drilling  fluid  through  the  thinwall  sample 
tube  for  a thorough  pre-flushing  of  the  borehole.  The  in- 
stant the  sample  tube  comes  in  contact  with  the  bottom  of  the 
borehole,  it  telescopes  into  the  cutter  barrel  and  closes  a 
sliding  valve  which  diverts  the  drilling  fluid  to  an  annular 
space  between  the  sample  tube  and  the  cutter  barrel.  This 
sliding  valve  arrangement  allows  the  circulation  of  the  drill- 
ing fluid  to  remove  the  borehole  cuttings  during  sampling  and 
prevents  disturbance  of  the  recovered  sample  by  the  drilling 
fluid. 


FIGURE  7-24.  PITCHER™  SAMPLER  WITH  PROTRUDING 
SPRING-LOADED  INNER  SAMPLE  TUBE 


The  spring-loaded  inner  sample  liner  automatically  ad- 
justs to  the  density  of  the  formation  being  penetrated.  In 
very  soft  materials,  the  thinwall  sample  tube  will  extend  as 
much  as  6 inches  beyond  the  cutter  bit  and  as  the  formation 
density  increases,  the  sample  tube  telescopes  in  the  outer 
core  barrel  and  compresses  the  control  spring,  which,  in  turn, 
exerts  a greater  force  on  the  tube  to  insure  adequate  lead. 

In  the  presence  of  extremely  dense  formations  or  obstructions, 
the  sample  tube  will  retract  completely  into  the  outer  core 
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barrel  to  allow  the  cutter  bit  to  penetrate  the  obstruction. 

The  Pitcher  Sampler  is  also  rotated  into  the  formation 
in  the  same  manner  as  conventional  rock  coring  procedures  in 
either  a cased  or  mudded  borehole.  The  sampler  is  designed 
for  use  with  either  water  or  mud  and  is  available  in  four 
sizes,  ranging  from  2-1/2  inch  O.D.  to  5-7/8  inch  O.D.  A 
schematic  drawing  of  the  Pitcher  Sampler  operation  is  shown 
in  Figure  7-25. 
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FIGURE  7-25.  PITCHER™  SAMPER  OPERATION 


Due  to  the  presence  of  the  very  dense  glacial  till  de- 
posits and  the  anticipated  density  at  the  test  section, 
the  more  standard  3-inch  O.D.  sampler  was  used,  requiring  a 
minimum  borehole  size  of  4-7/8  inches.  As  in  any  sampling 
procedure,  a larger  diameter  recovered  sample  will  minimize 
disturbance  and  provide  additional  laboratory  testing  options 
and  reliability  of  data.  The  largest  Pitcher  sampler  avail- 
able requires  a minimum  borehole  size  of  7-3/4  inches. 

Pitcher  sampling  was  attempted  several  times  with  vary- 
ing degrees  of  success  and  sample  recovery.  As  with  the 
Denison  Sampler,  the  extreme  density  of  the  glacial  till  and 
the  presence  of  cobbles  and  boulders  prevented  total  penetra- 
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tion  of  the  sampler.  However,  the  telescoping  aspect  of  the 
inner  sample  tube  was  a major  advantage  over  the  Denison  Sam- 
pler. When  encountering  extremely  dense  material  or  refusal, 
the  sample  tube  would  retract  into  the  core  barrel,  prevent- 
ing collapse  of  the  sample  tube.  However,  as  with  the  Deni- 
son, the  saw-tooth  cutter  bit  was  unable  to  core  completely 
through  the  granitic  boulders,  which  effectively  stopped  the 
sampling  attempt  (Figure  7-26) . The  amount  of  penetration 
and  recovery  was  a direct  result  of  the  presence  and  size  of 
the  cobbles  and  boulders  within  the  glacial  till  unit;  how- 
ever, several  satisfactory  samples  were  recovered  for  subse- 
quent laboratory  testing. 


TM 

FIGURE  7-26.  PITCHER  SAMPLER  WITH  CORED 
BOULDER  JAMMED  IN  SAMPLE  TUBE 


The  telescoping  aspect  of  the  Pitcher  Sampler  made  it 
much  more  practical  for  sampling  in  the  very  coarse  granular 
glacial  till  than  the  Denison  Sampler;  however,  it  too  has 
its  limitations  in  these  very  dense  and  coarse  materials. 

The  unit  price  for  Pitcher  samples  obtained  during  the 
course  of  the  study  was  $100  per  sample. 


7. 4. 3. 3 Diamond  Bit  Rotary  Core  Barrel  Soil  Sampling  - Con- 
ventional Diamond  Bit  Rotary  Core  Barrel  sampling  is  usually 
associated  with  the  recovery  of  competent  rock  core  and  not 
normally  considered  as  an  overburden  soil  sampling  device. 
However,  as  has  been  discussed,  various  types  of  extremely 
dense  or  well- cemented  overburden  with  numerous  competent 
boulders  can  prevent  the  penetration  and  subsequent  recovery 
of  suitable  large-diameter  samples  with  the  more  typical 
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drive  sample  or  rotary  coring  methods. 

Rotary  core  barrels  are  manufactured  in  a variety  of 
types  and  sizes  and  have  reached  a high  level  of  sophistica- 
tion for  improving  the  quality  and  quantity  of  sample  recovery. 
Also,  by  combining  other  types  of  modifications  within  the 
core  barrel,  the  determination  of  formation  structure  and 
defects  is  accomplished. 

The  rotary  core  barrel  is  manufactured  in  three  basic 
types;  single  tube,  double  tube,  and  triple  tube.  These 
three  basic  units  all  operate  on  the  same  principal  of  pumping 
drilling  fluid  through  the  drill  rods  and  core  barrel.  This 
is  done  to  cool  the  diamond  bit  during  drilling  and  to  carry 
the  borehole  cuttings  to  the  surface.  A variety  of  coring 
bits,  core  retainers  and  liners  are  utilized  in  various  com- 
binations to  maximize  the  recovery  and  penetration  rate  of 
the  selected  core  barrel. 

The  simplest  type  of  rotary  core  barrel  is  the  single 
tube,  which  consists  of  a case-hardened,  hollow  steel  tube 
with  a diamond  drilling  bit  attached  at  the  bottom.  The  dia- 
mond bit  cuts  an  annular  groove  or  kerf  in  the  formation  to  al- 
low upward  passage  of  the  drilling  fluid  and  cuttings  on  the  out- 
side of  the  core  barrel.  However,  the  drilling  fluid  must 
pass  over  the  recovered  sample  during  drilling  and  the  single 
tube  core  barrel  cannot  be  employed  in  formations  that  are 
subject  to  erosion,  slaking  or  excessive  swelling.  Although 
the  single  tube  is  a very  rugged  core  barrel  and  easy  to 
operate,  its  limitations  during  sampling  of  both  soil  and 
rock  are  contributing  to  its  declining  application  on  geo- 
technical engineering  projects  (Figure  7-27) . 

The  most  popular  and  widely  used  rotary  core  barrel  is 
the  double  tube,  which  is  basically  a single  tube  barrel  with 
a separate  and  additional  inner  liner  and  is  available  in 
either  a rigid  or  swivel-type  of  inner  liner  construction 
(Figure  7-28).  In  the  rigid  types,  the  inner  liner  is  rigidly 
attached  to  the  outer  core  barrel  so  that  it  rotates  with  the 
outer  rube.  In  contrast,  the  swivel-type  of  inner  liner  is 
supported  on  a ball  bearing  carrier  which  allows  the  inner 
tube  to  remain  stationary,  or  nearly  so,  during  rotation  of 
the  outer  barrel,  a major  improvement  over  the  rigid  type  for 
sampling  of  overburden  materials.  The  sample  or  core  is  cut 
by  rotation  of  the  diamond  bit  and  is  in  constant  contact 
with  the  drilling  fluid  as  it  flushes  out  the  borehole  cut- 
tings. The  addition  of  bottom  discharge  bits  and  fluid  con- 
trol valves  to  the  core  barrel  system  minimizes  the  amount  of 


7-39 


DRILL  ROD 


WATER  PORT 

SINGLE  TUBE 
ASSEMBLY 


CORE 

REAMING  SHELL 
CORE  LIFTER 

BIT 


FIGURE  7-27.  SINGLE  TUBE  CORE 
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FIGURE  7-28.  DOUBLE  TUBE  CORE 
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drilling  fluid  and  its  contact  with  the  sample  which  further 
decreases  sample  disturbance. 

Additional  modifications  in  the  double  tube  core  barrel 
such  as  the  Sprague  and  Henwood  Series  M™  and  Christensen  Dia 
mond  Products  Series  are  examples  of  continuing  develop- 

ments by  manufacturers  to  improve  sample  quality  and  recovery. 

The  third  and  most  recent  advancement  in  rotary  core 
barrel  design,  is  the  triple  tube  core  barrel  which  adds  an- 
other separate,  non-rotating  liner  to  the  double  tube  core 
barrel.  This  liner,  which  retains  the  sample,  consists  of  a 
clear  plastic  solid  tube  or  a split,  thin  metal  liner.  Each 
type  of  liner  has  its  distinct  advantages  and  disadvantages; 
however,  they  are  both  capable  of  obtaining  increased  sample 
recovery  in  poor  quality  rock  or  semi-cemented  soils,  with 
the  additional  advantage  of  minimizing  sample  handling  and 
disturbance  during  removal  from  the  core  barrel. 

These  advanced  rotary  core  barrel  types  are  discussed 
in  more  detail  in  Section  7.5  of  this  report. 

The  variety  of  rotary  core  barrels  which  are  available 
range  in  sizes  from  1 to  10  inches  in  diameter,  and  the  major- 
ity of  these  core  barrels  may  be  used  with  water,  drilling  mud 
or  air  to  recover  overburden  samples. 

A conventional  Christensen  2-1/8  inch  I.D.,  NWD3,  swivel- 
type,  split- inner  liner,  rotary  core  barrel  was  used  on  this 
project  and  evaluated  as  an  overburden  sampling  device.  Al- 
though the  difficulties  in  penetrating  the  cobbles  and  boul- 
ders within  the  glacial  till  unit  were  overcome  by  the  use  of 
the  diamond  bit  core  barrel,  the  finer  portions  of  the  gla- 
cial till  tended  to  plug  the  drilling  fluid  ports  in  the  bit, 
cutting  off  the  recirculating  fluid  supply  to  the  bottom  of 
the  borehole.  As  diamond  bits  are  not  designed  for  coring  in 
soil  or  extremely  weathered  rock  and  are  very  susceptible  to 
"burning  up"  under  less  than  ideal  conditions,  this  loss  of 
drilling  fluid  would  effectively  terminate  the  sampling 
attempt.  Although  there  was  a tendency  to  plug  the  diamond 
bit  during  overburden  drilling,  there  was  a sufficient  time 
lag  to  allow  penetration  and  recovery  before  this  occurred 
(Figure  7-29) . 
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FIGURE  7-29.  GLACIAL  TILL  RECOVERED  WITH  NWD3™ 
SPLIT  INNER  LINER  CORE  BARREL 


Rotary  diamond  core  barrel  sampling  will  obtain  satis- 
factory representative  samples  in  formations  where  all  other 
types  of  sampling  devices  will  not  function.  However,  over- 
burden diamond  drilling  will  tend  to  destroy  the  diamond  bits 
very  rapidly,  and  this  method  is  usually  used  as  a last 
resort.  Disposable  or  scrap  diamond  bits  can  be  employed  if 
the  drilling  contractor  is  made  aware  of  the  intentions  to 
employ  this  procedure. 

The  project  study  did  not  have  a separate  unit  price  for 
overburden  diamond  drilling.  The  contractor  agreed  to  a mini- 
mal amount  of  sampling  employing  this  technique  and  was  reim- 
bursed at  the  rock  coring  unit  price  of  $23.00  per  foot. 

This  unit  price  per  sample  was  compatible  to  the  costs  asso- 
ciated with  open-drive  sampling.  Normally,  overburden  dia- 
mond drilling  costs  would  be  expected  to  be  higher,  especially 
if  a substantial  amount  of  this  type  of  sampling  was  antici- 
pated . 


7.5  ROCK  CORE  SAMPLING 

The  primary  objective  of  rock  core  sampling  is  to  obtain 
continuous  and  undisturbed  cores  of  the  intact  rock  mass  for 
careful  and  thorough  evaluation  of  characteristics  which  may 
affect  its  performance  during  excavation  or  increased  stress. 
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These  characteristics  include  the  following: 
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rock  core  samples  which  are  recovered  can  be  further 

evaluated  in  the  laboratory  for  such  additional  engineering 
properties  as  compressive  strength,  elastic  modulus  and  abra- 
sive properties.  The  completed  rock  core  borehole  may  be 
tested  and  monitored  to  determine  permeability , groundwater 
conditions,  the  presence  of  gas  and  the  squeezing  or  expansive 
properties  of  the  rock.  The  borehole  may  be  further  utilized 
for  in-situ  testing  purposes,  geophysical  surveying  and  the 
installation  of  various  types  of  monitoring  equipment  or  in- 
strumentation. Rock  core  sampling  can  provide  substantial 
geotechnical  information  in  the  immediate  vicinity  of  the 
borehole.  However,  rock  core  sampling  usually  only  provides 
a small  amount  of  information  about  the  overall  rock  mass, 
and  this  information  must  be  extrapolated  into  engineering 
decisions  for  the  entire  formation. 

Careful  observation  and  evaluation  during  drilling  and 
logging  of  the  recovered  core  is  absolutely  essential  to  any 
site  investigation  program. 

The  rock  coring  procedures  and  equipment  which  were 
first  developed  in  1863  by  Leschot,  a Swiss  engineer,  are 
still  basically  the  same;  a hollow  steel  tube  equipped  with 
a diamond  bit  is  rotated  into  the  rock  surface.  However, 
major  improvements  in  the  core  barrels,  diamond  bits  and 
associated  equipment  have  created  very  sophisticated  rock 
core  sampling  devices.  Diamond  rock  drilling  methods  have 
been  generally  standardized  by  the  American  Society  for  Test- 
ing and  Materials  (ASTM  D-2113-70) . To  facilitate  standardi- 
zation of  equipment,  the  Diamond  Core  Drill  Manufacturer's 
Association  (DCDMA)  have  established  standard  sizes  for  bits, 
shells  and  casings.  The  various  DCDMA  size  standards  for 
core  barrels  and  bits  are  summarized  in  Table  7-2. 

The  primary  purpose  of  any  type  of  core  barrel  is  to 
recover  the  total  amount  of  rock  which  is  physically  cored 
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TABLE  7-2.  CORE  BARREL  AND  BIT  DIAMETERS 


DESCRIPTION 

RX 

or 

RW 

EX 

or 

EW 

AX 

or 

AW 

BX 

or 

BW 

NX 

or 

NW 

HX 

or 

HW 

PX 

or 

PW 

SX 

or 

SW 

ux 

or 

uw 

SX 

or 

zw 

Bit  Set  Normal  I.D. 

0.750 

0.845 

1.185 

1.655 

2.155 

3.000 

Bit  Set  Normal  and 
Thinwall  O.D. 

1.160 

1.470 

1.875 

2.345 

2.965 

3.890 

- 

- 

- 

- 

Bit  Set  Thinwall  I.D. 

0.735 

0.905 

1.281 

1.750 

2.313 

3.187 

- 

- 

- 

- 

Shell  Set  Normal  and 
Thinwall  O.D. 

1.175 

1.485 

1.890 

2.360 

2.980 

3.907 

Casing  Bit  Set  I.D. 

1.000 

1.405 

1.780 

2.215 

2 . 840 

3.777 

4.632 

5.632 

6.755 

7.755 

Casing  Bit  Set  and  Shoe  O.D. 

1.485 

1.875 

2.345 

2.965 

3.615 

4 .625 

5.650 

6.780 

7 . 800 

8.810 

in  a relatively  undisturbed  state.  When  drilling  in  competent 
rock,  total  recovery  is  rarely  a problem;  however,  when  the 
formation  is  highly  weathered,  fractured  or  soft,  the  amount 
of  core  recovery  is  problematic.  The  strength  and  behavior 
of  the  rock  mass  are  primarily  dependent  upon  the  various  in- 
herent discontinuities  and  the  material  which  is  not  recovered 
may  have  significant  engineering  implications. 

Of  the  three  basic  types  of  core  barrels  which  were  dis- 
cussed in  the  previous  section  of  this  report,  the  double  tube 
core  barrel  is  most  frequently  used  in  rock  core  sampling  for 
geotechnical  engineering  applications.  The  triple  tube  core 
barrel  is  used  in  zones  of  highly  variable  hardness  and  con- 
sistency. The  single  tube,  because  of  its  sample  recovery 
and  disturbance  problems,  is  rarely  used. 


The  selection  of  the  most  practical  core  barrel  for  the 
anticipated  bedrock  conditions  is  important.  The  selection 
of  the  correct  diamond  bit  is  also  essential  to  good  recovery 
and  drilling  production.  Although  the  final  responsibility 
of  bit  selection  is  usually  the  drilling  contractor's,  there 
is  a tendency  in  the  trade  to  use  "whatever  happens  to  be  at 
hand".  The  selection  of  the  diamond  size,  bit  crown  contour 
and  number  of  water  ports  is  dependent  upon  the  characteris- 
tics of  the  rock  mass  and  the  use  of  an  incorrect  bit  can  be 
detrimental  to  the  overall  core  recovery.  Generally,  fewer 
and  larger  diamonds  are  used  to  core  soft  formations  and  more 
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numerous,  smaller  diamonds  are  used  in  hard  formations  which 
are  mounted  on  the  more  commonly  used,  semi-round  bit  crown. 
Special  impregnated  diamond  core  bits  have  been  recently 
developed  for  use  in  severely  weathered  and  fractured  forma- 
tions where  bit  abrasion  can  be  very  high. 

Typical  rock  core  sampling  involves  the  use  of  the  open 
diamond  bit.  However,  numerous  types  of  coring  and  non- 
coring, non-diamond  bits  are  available  which  may  be  used  in 
conjunction  with  the  rock  core  sampling  operation.  An  excel- 
lent summary  of  drilling  equipment  and  bits  is  presented  by 
W.L.  Acker  III  in  Chapters  10  and  11,  "Basic  Procedures  for 
Soil  Sampling  and  Core  Drilling",  (Acker,  8-1). 

There  is  a variety  of  diamond  bit  core  barrels  which 
have  been  developed  for  a variety  of  formation  conditions  by 
various  manufacturers.  The  selection  and  evaluation  of  the 
rock  core  sampling  equipment  used  on  this  project  are  not  in- 
tended to  imply  that  other  equipment  would  not  be  equally 
suitable  to  the  given  circumstances. 

Rock  core  sampling  equipment  from  three  different  manu- 
facturers are  evaluated  and  discussed  in  detail  below: 

a.  Christensen  NWD3  Double  Tube  Core  Barrel, 

b.  Acker  NWM3  Triple  Tube  Core  Barrel, 

c.  Sprague  & Henwood  HXWL  Triple  Tube  Core  Barrel, 
Sprague  & Henwood  RWT  Single  Tube  Core  Barrel. 

The  Sprague  & Henwood  core  barrels  were  used  in  associa- 
tion with  the  advanced  integral  rock  sampling  method  and  are 
discussed  in  Section  7.5.3. 

The  core  sizes  recovered  for  this  project  range  from  RW 
to  HX  (Figure  7-30) . 
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RW  NW  HX 


FIGURE  7-30.  TYPICAL  STUDY  ROCK  CORE  SIZES 
TM 

7.5.1  NWD3  Double  Tube  Core  Barrel 

The  Christensen  Diamond  Products  NWD3,  2-1/2  inch  I.D. 
swivel  type,  double  tube  core  barrel  equipped  with  a semi- 
round crown  MR40'^"'^^  (40  stc>nes  per  carat)  diamond  bit  was  the 
primary  rock  core  sampling  device  used  for  this  project.  In 
addition,  a 17  stones  per  carat  "scrap  bit"  was  selectively 
used  in  the  softer,  fractured  materials  and  a 60  stones  per 
carat  (HR60™)  , step  taper  bit  was  used  in  the  more  competent 
zones  of  the  bedrock.  However,  the  MR40  bit,  which  was  devel- 
oped for  medium  hard,  fractured  rock  drilling  obtained  excel- 
lent recovery  results  throughout  all  formation  changes  and 
was  used  as  the  project  "all  purpose"  bit  on  the  majority  of 
the  rock  core  sampling.  Of  a total  of  59  separate  rock  core 
drilling  runs,  94  percent  of  the  rock  which  was  drilled  was 
recovered.  Forty-five  core  runs  obtained  100  percent  recov- 
ery and  8 runs  recovered  90  percent  or  better.  The  lower  core 
recovery  of  the  remaining  6 runs  ranged  from  18  to  75  percent, 
and  in  almost  all  instances  was  associated  with  the  initial 
core  run  in  the  upper  surface  of  the  fractured  rock. 
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FIGURE  7-31. 


N\a7D3™  split- inner  LINER 
CORE  BARREL 


The  Christensen  NWD3  double  tube  core  barrel  offers  a 
non-rotating,  adjustable,  chrome-plated  inner  liner  which  is 
available  in  either  solid  or  split  tube  versions  (Figure 
7-31) . 


There  are  several  unusual  but  highly  successful  modifi- 
cations in  this  barrel  which  include: 

a.  Core  barrel  disassembly  from  the  top  or  back  of  the 
tube  prevents  excessive  wrench  handling  of  the  dia- 
mond bit  and  core  lifter  assembly. 

b.  Adjustable  inner  liner  annulus  which  controls  the 
amount  of  fluid  circulating  through  the  core  barrel 
The  amount  of  water  which  is  required  for  drilling 
is  a function  of  the  quality  of  rock.  This  capa- 
bility allows  the  core  barrel  to  be  adjusted  to 
accommodate  these  changes,  rather  than  to  be  entire 
ly  replaced. 


c.  Rapid  inner  tube  conversion  from  solid  to  split 
liner  without  special  tools  or  replacement  kits. 

Depending  on  the  quality  of  the  rock  being  cored,  the 
NWD3  was  alternately  used  in  the  solid  and  split-inner  liner 
modes.  The  solid  liner  was  used  primarily  in  the  very  sound 
and  competent  portions  of  the  rock  while  the  split  liner  was 
used  in  the  weaker  and  more  weathered  portions.  The  design 
of  the  split-inner  liner  allows  expansion  of  the  two  liner 
halves  during  the  core  recovery  process.  This  feature  allows 
swelling  clays  or  highly  fractured  material,  which  could  nor- 
mally block  a conventional  solid  liner,  to  move  up  into  the 
liner,  reducing  blockage  and  grinding  of  the  core  and  improv- 
ing recovery  in  lower  quality  rock.  An  additional  and  major 
advantage  of  the  split  liner  is  observed  during  subsequent 
surface  handling  of  the  recovered  core.  The  inner  liner 
is  easily  removed  from  the  core  barrel  and  the  filament  tape 
which  binds  the  liner  halves  together  is  cut  and  the  two 
sections  separated,  exposing  the  recovered  core  in  its  near 
in-situ  state  (Figure  7-32) . This  design  feature  of  the  split 
liner  eliminates  the  necessity  of  "banging  out"  the  core 
(beating  on  the  outside  of  a solid  core  barrel  with  a hammer 
in  an  attempt  to  loosen  the  sample) , as  is  done  with  the  con- 
ventional solid  liner.  This  could  severely  disturb  and  alter 
the  quality  of  the  recovered  core,  leading  to  erroneous  con- 
clusions about  the  overall  rock  mass. 

The  split-inner  liner  is  used  in  a variety  of  types  and 
sizes  of  double  tube  core  barrels.  The  capability  of  improv- 
ing recovery  in  poor  quality  rock  and  the  subsequent  surface 
handling  advantages,  makes  it  a useful  equipment  addition  for 
the  purpose  of  rock  core  evaluation. 

Approximately  200  feet  of  rock  coring  was  obtained  in 
the  Holiday  Inn  Site  area.  The  unit  prices  of  $19.00  per 
foot  for  double  tube  solid  liner  coring  and  $23.00  per  foot 
for  double  tube  split  liner  coring  are  typical  N core  size 
unit  prices  in  the  New  England  area.  Less  core  barrel  jam- 
ming and  blockage  was  experienced  with  the  higher  priced 
split  liner.  This  had  the  overall  effect  of  decreasing  the 
drilling  time  per  foot  when  compared  to  the  production  rates 
of  the  solid  liner. 
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TM 

7.5.2  NWM3  Triple  Tube  Core  Barrel 


The  Acker  Drill  Company,  Inc.  NWM3 , 2-1/8  inch  I.D. 
swivel-type,  triple  tube  core  barrel  equipped  with  a flat 

crov/n,  series  M,  bottom-discharge  bit  was  used  in  only  limited 
application  on  the  project  study.  The  NWM3  is  a modification 
of  the  Series  M double  tube  core  barrel,  which  includes  an 
additional  inner  solid  clear  plastic  liner  which  retains  the 
sample  recovery  (Figure  7-33) . 

The  purpose  of  the  third,  non-rotating  inner  liner  is 
to  further  improve  sample  recovery  in  soft  or  highly  frac- 
tured formations  and  to  provide  a temporary  storage  container 
for  the  recovered  rock  core  during  transportation  and  storage. 
The  sample  must  subsequently  be  pressure  extruded  from  the 
solid  plastic  liner. 

The  NWM3  offers  an  adjustable  inner  liner  which  can  con- 
trol the  flow  of  water  to  the  bit,  an  important  design  fea- 
ture in  variable  formation  conditions.  The  use  of  the  bottom 
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FIGURE  7-33.  TRIPLE  TUBE  CORE  BARREL 
WITH  SOLID  CLEAR  PLASTIC 
LINER 


discharge  bit  also  minimizes  the  amount  of  drilling  fluid 
contact  with  the  recovered  sample,  decreasing  the  erosive 
action  in  highly  decomposed  rock. 

The  NWM3  triple  tube  core  barrel  is  an  important  advance- 
ment in  drilling  technology  that  improves  recovery  in  forma- 
tions which  are  difficult  to  sample  with  conventional  core 
barrels.  On  this  project,  the  non-expanding  aspect  of  the 
inner  solid  plastic  liner  caused  some  sample  blockage  during 
drilling.  A special  hydraulic  or  pneumatic  jack  is  required 
for  inner  tube  removal  and  subsequent  sample  extraction  from 
the  inner  tube.  Although  the  solid  plastic  sample  liner 
tube  has  definite  advantages  during  transportation  and  stor- 
age, it  impeded  field  examination,  photographing,  and  evalua- 
tion of  the  core  immediately  upon  recovery. 
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The  project  unit  price  of  $23.00  per  foot  for  triple 
tube  rock  coring  is  believed  to  be  slightly  lower  than  the 
regional  average  unit  price  when  employing  this  sampling  tech- 
nique . 


7.5.3  Integral  Sampling  Method  (ISM) 

The  determination  of  the  various  bedrock  discontinuity 
parameters,  which  affect  the  strength  and  stability  of  a rock 
mass,  is  of  critical  importance  in  the  design  and  construc- 
tion of  underground  openings  in  rock.  The  structural  integ- 
rity of  the  rock  mass  is  affected  by  the  presence  and  orien- 
tation of  such  features  as  bedding,  jointing  and  faulting, 
and  also  by  the  spacing,  continuity,  planarity  and  infilling 
of  these  discontinuities. 

The  primary  method  of  evaluating  the  geotechnical  para- 
meters relies  upon  measurements  and  observations  of  exposed 
bedrock  in  the  area  of  the  proposed  construction.  These  out- 
crops may  or  may  not  reflect  the  actual  in-situ  conditions  of 
the  bedrock  unit  at  depth.  In  urban  areas,  such  as  the  pro- 
posed Red  Line  Extension,  bedrock  outcrops  are  very  limited 
and  far  removed  from  the  actual  area  of  construction.  Typi- 
cal subsurface  exploration  programs,  which  are  initiated  to 
obtain  information  about  the  structural  defects  of  the  bed- 
rock, may  lack  the  detail  required  for  a reasonable  assessment 
of  these  characteristics.  Grinding  of  the  rock  core,  poor 
recovery  and  washing  out  of  the  gouge  and  infillings  during 
the  drilling  operation  create  erroneous  conclusions  regarding 
the  quality  of  the  in-situ  rock  mass.  In  addition,  these 
conventional  exploration  methods  are  not  capable  of  determin- 
ing the  orientation  of  the  overall  bedrock  structure  or  the 
discontinuities . 

Various  geophysical  methods  have  been  developed  which 
obtain  selective  information  on  the  structural  characteris- 
tics of  the  in-situ  rock  mass,  but  there  is  no  "all  purpose" 
geophysical  method  or  combination  of  methods  which  will  ob- 
tain all  the  necessary  information  for  a thorough  evaluation 
of  the  in-situ  rock  properties. 

Several  subsurface  exploration  methods  recently  devel- 
oped are  capable  of  obtaining  the  structural  orientation  of 
the  planar  features  of  the  in-situ  bedrock.  (Rosengren,  8-29) 
(Rowley,  8-30)  (Moelle,  8-23).  However,  these  techniques  are 
combined  with  conventional  diamond  core  drilling  and  are  not 
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capable  of  recovering  totally  intact,  undisturbed,  continuous 
samples  of  the  bedrock. 

A method  that  combines  structural  orientation  with  total 
intact  rock  sample  recovery  is  the  "Integral  Sampling  Method" 
(ISM) , developed  by  Manuel  Rocha  in  1970  during  his  tenure  as 
Director  of  the  National  Laboratory  of  Civil  Engineering 
(LNEC)  in  Lisbon,  Portugal. 

This  technique,  which  was  developed  in  the  laboratory 
and  thoroughly  field  tested  by  LNEC,  is  capable  of  obtaining 
totally  intact  rock  core  which  can  be  used  in  measuring  the 
orientation  and  frequency  of  occurrence  of  discontinuities 
within  the  rock  mass.  It  further  allows  the  observation  and 
measurement  of  the  thickness  and  consistency  of  fault  gouge 
and  joint  filling  material  and  their  relative  positions 
(Rocha , 8-27)  . 

In  1975,  the  Geomechanics  Division  of  the  National  Mech- 
anical Engineering  Research  Institute,  South  African  Council 
for  Scientific  and  Industrial  Research  (CSIR)  developed  an- 
other prototype  method  for  obtaining  integral  rock  samples 
(Orr,  8-26) . Although  the  CSIR  method  has  not  been  thorough- 
ly field  tested  under  actual  site  investigation  conditions, 
it  is  also  capable  of  obtaining  the  same  in-situ  rock  forma- 
tion as  the  LNEC  method. 

The  details  of  the  two  integral  sampling  methods  are 
summarized  below: 

TM 

7. 5. 3.1  The  LNEC  Integral  Sampling  Method  - A conventional 
cased  borehole  with  the  required  inclination  is  drilled  to 
the  depth  where  structural  information  on  the  bedrock  unit 
is  desired.  The  ISM  core  can  then  be  recovered  in  NX  C3  in.) 
and  HX  (3-7/8  in.)  sizes,  depending  on  the  anticipated  qual- 
ity of  the  bedrock.  The  recovery  of  the  ISM  core  sample  is 
achieved  in  three  basic  operational  phases. 

Phase  I: 

A stabilizing  guide  assembly,  having  an  outside  diameter 
slightly  less  than  the  diameter  of  the  borehole,  is  installed 
at  the  bottom  of  the  hole.  A small  diameter  pilot  hole, 
approximately  1-1/4  inch  in  diameter,  is  drilled  into  the  in- 
tact rock  below  the  stabilizing  guide  assembly  with  an  RWT 
size  coring  or  non-coring  diamond  bit.  The  stabilizing  as- 
sembly maintains  the  pilot  hole  in  coaxial  alignment  with  the 
primary  borehole  (Figure  7-34) . When  the  pilot  hole  is  com- 
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FIGURE  7-34,  ISM  PHASE  I,  RVJT  PILOT 
HOLE  DRILLING  AND 
STABILIZING  ASSEMBLY 


pleted,  the  pilot  drill  and  stabilizing  assembly  is  removed 
from  the  borehole. 

PHASE  II; 

A second  stabilizing  guide  assembly,  which  incorporates 
a detachable  grout/reinforcing/orienting  (GRO)  perforated 
steel  reinforcing  tube,  is  lowered  into  the  borehole  so  that 
the  GRO  tube  extends  into  the  pre-drilled  RWT  pilot  hole. 

The  GRO  tube  is  connected  to  the  surface  with  a string  of 
interlocking,  aligned,  hollow  orienting  rods.  A special 
orienting  device  is  attached  to  the  orienting  rods  and  visually 
aligned  with  a permanent  landmark  whose  directional  bearing  from 
the  borehole  may  be  determined  at  a later  date  (Figure  7-35) . 

A predetermined  amount  of  cement  or  chemical  grout  is 
then  injected  through  the  orienting  rods  and  GRO  tube  into 
the  voids  and  fractures  around  the  pilot  hole.  After  the 
grout  is  allowed  to  solidify,  the  GRO  assembly  is  sheared 
off  above  the  grout  rod  and  recovered  from  the  borehole  (Fig- 
ure 7-36) . 
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FIGURE  7-36.  ISM  PHASE  II ^ GRO  TUBE 

AND  STABILIZING  ASSEMBLY 
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PHASE  III: 


The  solidified  grout  bonds  the  fractured  rock  to  the 
oriented  GRO  reinforcing  rod  and  the  entire  installation  is 
overcored  with  a conventional  core  barrel,  usually  of  the 
same  diameter  as  the  basic  borehole  (Figure  7-37) . A variety 
of  core  barrels  are  suitable  for  the  overcoring  phase,  al- 
though one  equipped  with  a split-inner  liner  is  preferred. 

The  core  barrel  is  retrieved  in  the  normal  manner  and  the  in- 
tact integral  rock  sample  is  evaluated  for  structural  defects , 
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FIGURE  7-37.  ISM  PHASE  III,  OVERCORING 
GROUT  REINFORCED  GRO  TUBE 


TM 

7.5. 3. 2 The  CSIR  Integral  Sampling  Method  - The  Integral 
sampling  technique  developed  at  the  CSIR  follows  the  same 
basic  procedures  developed  by  LNEC  and  summarized  above.  How- 
ever, there  are  several  major  differences  in  the  equipment 
and  specific  methods  relating  to  the  insertion  of  the  grout 
medium  and  the  use  of  PVC  grout/reinforcing/orienting  rods. 
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FIGURE  7-38.  CSIR  RESIN  CARTRIDGE  AND 
REINFORCING  PIPE  ASSEMBLY 


A reinforcing  rod  manufactured  from  PVC  is  used  in  order  to 
preclude  damage  to  the  drill  bit  in  case  any  eccentricity  oc- 
curs during  the  overcoring  process.  A resin-filled  cartridge 
is  attached  to  the  reinforcing  rod,  eliminating  the  need  for 
surface  grout  reservoirs  and  pumps  (Figure  7-38) . 

The  resin  cartridge  is  manufactured  from  commercially 
available  PVC  tubing  and  a wooden  plunger.  The  system  is 
manually  operated  at  ground  surface  and  displaces  the  resin 
through  randomly  drilled  holes  in  the  PVC  grout  rod.  A saw 
cut  groove  along  the  long  axis  of  the  PVC  is  used  for  orient- 
ing the  core  in  the  same  manner  as  the  LNEC  method. 

An  NX  size,  double  tube  core  barrel  was  used  by  CSIR  in 
the  overcoring  process  and  excellent  results  have  been  ob- 
tained (Orr,  8-26) . 
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7. 5. 3. 3 Previous  MBTA  Red  Line  Extension  Application  - The 
integral  rock  sampling  method  was  first  applied  in  the  New 
England  area  in  June  1977  in  the  design  explorations  for  the 
proposed  new  Harvard  Square  MBTA  station.  Several  ISM  explo- 
rations were  obtained  using  equipment  patented  by  Sprague  & 
Henwood,  Inc. , Scranton,  Pennsylvania,  utilizing  the  LNEC 
system  developed  by  Rocha.  Subsequent  to  the  "on-the-job" 
familiarization  with  the  various  equipment  and  operational 
procedures,  several  excellent  integral  rock  core  samples  were 
recovered  (Figure  7-39).  However,  the  extremely  weathered 
conditions  at  the  top  of  bedrock  prevented  good  recovery  of 
the  initial  core  run. 


FIGURE  7-39.  HARVARD  SQUARE  ISM  CORE 


Difficulty  was  experienced  in  selecting  a grouting  mater- 
ial which  would  have  a high  bonding  strength  and  minimal  set- 
ting time.  Plaster-of-ParisTM ^ because  of  insufficient  strength 
and  PortlandTM  cement,  because  of  excessive  setting  time,  were 
determined  to  be  impractical  and  impeded  production.  Epoxy 
resins  possessed  excellent  strength  characteristics  but  required 
6 to  8 hours  setting  time  and  special  down-hole  injection  appa- 
ratus. U.S.  Gypsum  B-11  Hydrocal-C™  cement,  which  possessed 
sufficient  bonding  strength  and  a setting  time  of  2 to  4 hours, 
was  eventually  used  with  the  majority  of  the  integral  rock  core 
samples . 

Overcoring  was  accomplished  with  an  NX  size,  double  tube 
core  barrel  which  presented  major  difficulties  during  extrac- 
tion of  the  rock  core  from  the  inner  barrel. 

The  integral  rock  sampling  conducted  at  Harvard  Square 
showed  that  the  rock  mass  was  of  a higher  quality  than  would 
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be  inferred  from  conventional  NX  size  rock  core. 


7. 5. 3. 4 Study  Application  - The  proposed  Davis  Square  MBTA 
Red  Line  Station  in  Somerville,  Massachusetts  was  selected  as 
the  location  for  evaluating  the  integral  sampling  method. 

The  ISM  rock  coring  also  supplemented  existing  design  informa- 
tion for  the  proposed  cut-and-cover  excavation  which  will  re- 
quire up  to  10  feet  of  rock  core  excavation. 

A Mobile  B56  truck  mounted,  hydraulically  operated, 
rotary  drill  rig,  using  patented  ISM  equipment  furnished  by 
Sprague  & Henwood,  was  used  in  obtaining  one  grout  reinforced, 
oriented  core  hole  during  June  1979.  A Sprague  & Henwood 
representative  familiar  with  the  integral  sampling  method  and 
equipment  spent  2 days  at  the  site  briefing  the  investiga- 
tors on  its  recommended  use  and  application. 

Several  modifications  to  the  equipment  and  materials 
were  made  prior  to  the  start  of  the  field  work.  These 
changes  were  made  based  on  the  experiences  during  the  Harvard 
Square  work  in  1977.  To  further  improve  recovery  and  to  facil- 
itate the  removal  of  the  recovered  core  from  the  overcore  bar- 
bel, a 3.75  O.X.  X 2.40  I.D.  HXWL'^^  triple  tube,  split-inner 
liner,  wireline  core  barrel  was  used  during  the  overcoring 
phase  of  the  ISM  sampling  (Figure  7-40) . Although  this  core 
barrel  is  referred  to  as  a "wireline",  it  was  not  utilized  in 
that  capacity  due  to  the  relatively  shallow  depth  to  the  bed- 
rock. The  removal  of  the  split-inner  liner  of  the  HXWL  core 
barrel  requires  a special  hydraulic  pump  which  gently  removes 
the  split  tube  from  the  inner  liner,  decreasing  the  post  re- 
covery disturbance  of  the  core  to  a minimum  (Figure  7-41) . 

In  order  to  decrease  the  setting  time  of  the  reinforcing 
grout,  and  thereby  increase  the  overall  production  time,  sev- 
eral new  grouts  were  evaluated.  U.S.  Gypsum  B-11  Hydrocal-C, 
which  was  the  primary  grout  used  during  the  Harvard  Square 
application,  possessed  a setting  time  of  2 to  4 hours.  U.S. 
Gypsum  White  Hydrocal-B™,  used  as  a primary  study  grout, 
possessed  a setting  time  of  one-half  to  one  hour.  Although 
this  rapid  setting  time  improved  the  overall  ISM  production, 
there  is  a tendency  for  long-term  breakdown  of  the  grout 
during  sample  storage.  Furthermore,  if  procedural  difficul- 
ties should  be  encountered  subsequent  to  the  grout  installa- 
tion, the  rapid  setting  time  could  impede  corrective  action 
and  adequate  sample  recovery.  Calcium  Aluminate  cement  manu- 
factured by  Lone  Star  LaFarge,  Inc.,  Norfolk,  Virginia,  was 
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FIGURE  7-40.  SPRAGUE  & HENWOOD  HXWL  TRIPLE  TUBE 
SPLIT-INNER  LINER  CORE  BARREL 


also  evaluated  as  a grout  material.  The  setting  time  varied 
from  8 to  12  hours,  and  this  grout  was  used  at  the  end  of  the 
work  day,  when  overnight  setting  did  not  affect  the  overall 
production.  Calcium  Aluminate  grout  possesses  excellent  long- 
term bonding  characteristics.  Several  additional  equipment 
modifications  were  made  during  the  execution  of  the  work  and 
are  discussed  below. 

Four-inch  inside  diameter  HW  flush  joint  casing  was 
driven  to  the  top  of  the  bedrock,  at  a depth  of  about  50  feet, 
and  the  borehole  cuttings  were  throughly  washed  out  using 
conventional  rotary  wash  boring  methods.  The  stabilizing 
guide  assembly  was  lowered  into  the  borehole  and  the  coaxial 
pilot  hole  was  drilled  with  a 3/4-inch  I.D.  RWT  diamond  bit, 
single  tube  core  barrel  (Figure  7-42) . 
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FIGURE  7-41.  HYDRAULIC  REMOVAL  OF  SPLIT -INNER 
LINER  FROM  HXWL  CORE  BARREL 


FIGURE  7-42.  ISM  CORE  BARRELS:  HXWL  OVERCORE  BARREL  (LT.) 

AND  RWT  PILOT  CORE  BARREL  WITH  STABILIZING 
ASSEMBLY  (RT.) 
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Extreme  difficulty  was  experienced  during  this  initial 
pilot  hole  coring  with  the  core  jamming  the  core  barrel. 

This  eventually  plugged  and  totally  destroyed  the  diamond 
bit  (Figure  7-43) . Various  bit  rotational  speeds  were  evalua- 
ted and  bit  pressures  were  less  than  the  total  weight  of  the 
drill  rods  and  core  barrel. 


FIGURE  7-43.  RWT  CORE  AND  DESTROYED  BIT 


The  drilling  sp^j^dle  was  rotated  at  its  slowest  speed  of 
75  rpm  and  the  Moyno"^  Progressive  Cavity  Pump  was  operated  at 
its  maximum  capacity  to  assist  in  cooling  the  diamond  bit  and 
flushing  the  borehole  cuttings  to  the  surface.  Diamond  bit 
plugging  continued,  contributing  to  the  complete  destruction 
of  two  new  RWT  diamond  bits  in  the  upper  2 feet  of  the  bedrock. 
The  RWT  bits,  manufactured  by  the  J.K.  Smit  Company,  contained 
three,  very  small,  water  ports  in  the  reaming  assembly,  which 
were  enlarged  by  the  investigators  to  increase  water  flow  to 
the  diamond  bit.  In  addition,  a positive  displacement  piston 
pump  was  added  to  the  water  recirculation  system  which  gave 
improved  pressure  monitoring  of  the  bit  water  flow  during 
drilling.  These  equipment  modifications  greatly  improved  the 
pilot  hole  drilling;  however,  one  additional  RWT  bit  was 
"burned  up"  during  the  conduct  of  the  work.  It  could  not  be 
determined  if  the  bit  design  or  the  application  was  the  con- 
tributing factor,  as  the  RWT  bits  were  the  only  ones  avail- 
able during  the  study  evaluation. 

Non-coring  RWT  size  bits  would  minimize  the  problems 
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associated  with  the  initial  pilot  hole  coring  in  excessively 
fractured  rock;  however,  no  core  would  be  recovered. 

Upon  removal  of  the  stabilizing  and  pilot  coring  assembly, 
it  was  discovered  that  the  highly  fractured  rock  had  collapsed 
into  the  pilot  hole.  This  prevented  insertion  of  the  grout/ 
reinforcing/orienting  (GRO)  rod  into  the  small  diameter  coax- 
ial pilot  core  hole.  The  upper  portion  of  the  rock  was  over- 
cored in  the  normal  manner  to  remove  the  disturbed  and  frac- 
tured rock  from  the  borehole  (Figure  7-44) . 
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FIGURE  7-44.  DAVIS  SQUARE  ISM  ROCK  CORE 

The  HW  casing  was  redriven  into  the  overcored  portion  of 
the  rock  to  stabilize  the  upper  portion  of  the  highly  frac- 
tured bedrock.  It  is  estimated  that  500  gallons  of  water  per 
one-half  hour  were  lost  into  the  rock  during  the  drilling 
operations  in  the  upper  8 feet  of  bedrock. 

A second  RWT  pilot  hole  was  drilled  from  52  to  57  feet 
with  some  core  barrel  jamming  and  the  loss  of  an  additional 
RWT  diamond  bit.  The  GRO  assembly  was  successfully  installed 
into  the  pilot  hole  and  White  Hydrocal  cement  grout  was  in- 
jected by  gravity  flow  into  the  reinforcing  tube. 

The  orienting  rods  were  connected  to  the  surface  and  the 
scribe  marks  were  oriented  to  a permanent  physical  feature 
(Figure  7-45) . Approximately  2 hours  of  setting  time  were 
allowed  to  insure  adequate  bonding  of  the  grout,  although  a 
test  sample  indicated  a total  set  time  of  less  than  one  hour. 
The  GRO  tube  was  disconnected  from  the  orienting  rods  by 
shearing  the  shear  pin  with  a sharp  hammer  blow  at  the  top  of 
the  orienting  rods  (Figure  7-46). 
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FIGURE  7-46.  DISASSEMBLED  GRO  TUBE  SHOWING 
CONNECTION  OF  GRO  TUBE  TO 
ORIENTING  RODS  WITH  SHEAR  PIN 
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The  oriented  and  grouted  section  of  the  rock  was  over- 
cored with  the  HXWL  triple  tube,  split-inner  liner  core 
barrel.  Recovery  of  the  highly  fractured  argillite  was  100 
percent.  However,  only  traces  of  grout  were  observed  at  the 
bottom  of  the  core  run  and  it  was  assumed  that  the  grout  had 
flowed  into  the  fractured  rock  beyond  the  limits  of  the  over- 
coring operation  (Figure  7-47) . 


GROUT 


SPLIT 

LINER 


INNER 

LINER 


HXWL 

CORE 

BARREL 


FIGURE  7-47.  ISM  CORE  RECOVERED  WITH  HXWL  OVERCORE 
BARREL  WITHOUT  PROPER  GROUT  INJECTION 


To  improve  stability  of  the  upper  rock  surface  and  to 
decrease  the  excessive  water  loss  during  drilling,  the  upper 
8 feet  of  fractured  rock  were  pressure  grouted  before  commenc- 
ina  the  third  and  final  ISM  core  run. 

With  the  various  equipment  modifications  and  improved 
drilling  technique,  the  RWT  pilot  hole  was  drilled  an  addi- 
tional 5 feet  without  experiencing  difficulties.  The  GRO 
assembly  was  installed  and  oriented  and  Calcium  Aluminate 
grout  was  injected  by  gravity  flow  and  allowed  to  set  over- 
night. The  reinforced  grouted  section  of  rock  was  overcored. 
Recovery  was  100  percent  of  a very  sound,  fresh  argillite 
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FIGURE  7-48.  ISM  ROCK  CORE 
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(Figure  7-48) . The  absence  of  any  open  joints  or  fractures 
in  the  rock  caused  the  grout  to  pass  up  the  pilot  hole  to  the 
top  of  the  rock  core  where  it  solidified.  The  structural 
orientation  of  the  few  widely  spaced  tight  joints  and  calcite 
veins  were  determined  and  are  summarized  on  the  ISM  Subsurface 
Exploration  Summary,  Appendix  page  C-44, 

The  Integral  Sampling  Method  for  rock  is  a relatively 
new  and  sophisticated  technique  for  obtaining  total  intact 
core  recovery  which  accurately  represents  the  in-situ  rock 
mass  conditions  and  its  approximate  structural  orientation. 

A drilling  crew  thoroughly  familiar  with  all  phases  of  the 
procedure  and  equipment  is  essential.  No  rules  appear  to  be 
available  to  help  a newcomer  cope  with  initial  difficulties. 
Many  of  the  initial  problems  which  were  encountered  were 
probably  due  to  driller  unfamiliarity  with  the  equipment. 
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SOLID  GROUT/ 
REINFORCING  TUBE 


FIGURE  7-49.  GRO  STABILIZING  ASSEMBLY  WITH 
SOLID  GROUT/REINFORCING  TUBE 


However,  minor  equipment  modifications  improved  the  technique 
and  decreased  the  associated  drilling  problems.  A wider 
selection  of  RWT  size  diamond  coring  and  non-coring  bits 
should  be  readily  available  to  meet  the  varying  bedrock  types 
and  conditions.  The  application  of  the  double  or  triple  tube, 
split-inner  liner  further  improves  recovery  and  eliminates 
excessive  disturbance  associated  with  core  sample  removal. 

The  grout  reinforcing  rods  furnished  by  Sprague  & Henwood 
(S&H)  consisted  of  a five-foot,  3/4  inch  I.D.,  heavy  wall  solid 
steel  pipe  (Figure  7-49) . This  unit  was  also  used  during  the 
Harvard  Square  application  in  1977  and  some  difficulty  was 
experienced  in  bonding  of  the  grout  rod  to  the  rock.  The 
methods  developed  by  LNEC  and  CSIR  indicate  that  randomly 
drilled  holes  in  the  GRO  tube  were  an  integral  part  of  the 
ISM  equipment.  If  this  feature  was  added  to  the  S&H  equip- 
ment, it  would  improve  grout  transmission  into  the  adjacent 
rock  and  greatly  improve  the  bonding  characteristics  between 
the  rock  and  the  GRO  tube. 

Although  application  of  the  integral  sampling  method  was 
limited  during  the  study,  it  appears  that  highly  fractured, 
open-jointed  rock  may  require  intensive  on-site  testing  and 
modification  of  grouting  techniques,  including  multiple  stage 
grout.  There  is  no  way  to  determine  the  extent  of  the  move- 
ment of  the  premeasured  grout  into  the  rock  mass.  If  addi- 
tional grout  is  added  to  compensate  for  these  types  of  struc- 


7-66 


tural  discontinuities,  there  is  a high  risk  that  the  grout 
may  move  up  into  the  borehole  and  grout  the  entire  installa- 
tion in  place. 

As  with  any  subsurface  exploration  technique,  the  limi- 
tations must  be  determined  and  understood.  However,  the 
ISM' is  presently  the  only  technique  which  can  recover  totally 
intact,  oriented  core  of  moderately  fractured  rock  for  de- 
tailed structural  and  engineering  analysis. 


7. 5. 3. 5 Cost  - The  study  contract  arrangements  for  conducting 
ISM  were  based  on  a lump  sum,  minimal  monthly  rental  rate  of 
$4,400.00  for  all  equipment,  materials  and  necessary  supplies. 
The  actual  drilling  time  was  compensated  on  an  hourly  basis  of 
$68.00  per  crew  hour.  In  addition,  the  Sprague  & Henwood 
technical  representative  was  reimbursed  at  $370.00  per  day. 

The  ISM  coring  was  conducted  during  a 6-day  period,  which 
included  mobilization  and  dismantling,  overburden  drill- 
ing and  grouting  of  the  completed  borehole.  Fifty  feet  of 
overburden  was  penetrated  and  13  feet  of  ISM  rock  coring  was 
obtained  in  three  separate  core  runs.  The  technical  represen- 
tative, v;ho  brought  the  ISM  equipment  to  the  site,  remained 
for  2 days  to  instruct  the  project  personnel  on  the  operation 
of  the  ISM  equipment. 

Converting  the  production  and  associated  costs  to  a lin- 
ear foot  price,  the  ISM  coring  was  approximately  $570.00  per 
foot  of  rock  cored.  This  high  unit  price  is  due,  in  part,  to 
the  large  fixed  equipment  rental  rate  of  $4,400.00  and  the 
limited  quantity  of  coring  completed.  Additional  analysis  of 
costs  are  contained  in  Section  10. 

It  is  believed  that  with  increasing  driller  familiariza- 
tion with  the  ISM  equipment,  improvements  and  modification  in 
the  equipment,  and  the  use  of  rapidly  setting  grouts,  that 
this  very  expensive  but  highly  important  subsurface  explora- 
tory technique  will  provide  an  economical  solution  to  a diffi- 
cult area  of  subsurface  exploration. 


7.6  GEOPHYSICAL  BOREHOLE  LOGGING 


7.6.1  General 


There  are  numerous  indirect  methods,  using  geophysical 
principles,  of  exploring  the  medium  surrounding  a borehole. 
Table  7-3  enumerates  these  methods.  These  methods  use  vari- 
ous electrical,  acoustic,  seismic  or  radioactive  techniques 
to  discern  the  physical  properties  of  the  soil  or  rock  encoun- 
tered . 

These  geophysical  methods  are  used  for  direct  explora- 
tion, identification  of  geologic  formations,  identification 
of  formation  fluids,  correlation  between  boreholes  and  iden- 
tification of  geologic  discontinuities. 

The  geophysical  methods  are  used  in  petroleum  explora- 
tion, where  the  geology  is  usually  simple.  They  are  also 
used  in  metallic  and  non-metallic  mineral  exploration,  where 
the  geology  is  usually  complex.  The  percent  of  total  use  of 
these  geophysical  methods  in  the  above  applications  far 
exceeds  its  use  in  engineering  exploration,  where  the  geo- 
logy has  the  broadest  range  of  complexities. 

Information  on  the  geophysical  methods  can  be  obtained 
in  general  texts,  such  as,  Telford,  (1-26),  Dobrin,  (1-5), 
and  Jakosky,  (1-13).  However,  experience  is  needed  to  inter- 
pret the  field  data  of  the  various  methods. 

The  principal  purpose  of  using  borehole  geophysics  in 
an  engineering  exploration  program  is  to  predict  the  charac- 
ter of  the  rock  or  soil  between  sampled  boreholes  or  ahead 
of  a tunnel  excavation  program.  A high  degree  of  reliability 
in  these  techniques  precludes  the  addition  of  expensive  bore- 
holes to  the  exploration  program  and  may  enable  the  contractor 
to  ascertain  the  ground  conditions  ahead  of  the  excavation. 

The  techniques  could  provide  a warning  against  such  hazards 
as  the  presence  of  gas,  high  water  volume,  shear  zones  and 
other  areas  of  poor  quality  rock  that  contribute  to  under- 
ground instability. 

Each  method  will  generate  a quantity  of  data.  In  most 
cases  this  data  is  meaningless  by  itself,  but  when  combined 
with  correlation  borings,  the  data  are  used  to  interpolate  soil 
and  rock  information  between  borings.  The  various  geophysical 
methods  can  also  compliment  each  other  by  providing  data 
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TABLE  7-3.  GEOPHYSICAL  BOREHOLE  LOGGING 
TECHNIQUES  AND  CAPABILITIES 
ASH  C8-4) 


METHOD 

Elastic 

Properties 

Fractures 

Lithology 

structure 

Porosity 

Permeability 

Water  Content 

Fluid  Movement 

Borehole 

Diameter 

Formation 

Damage 

Mineral 

Identification 

Rock 

Deformation 

Material 

Deformation 

Gas 

Detection 

3-D 

Velocity  (A) 

X 

X 

X 

X 

X 

X 

X 

Acoustical 
Imaging  (A) 

X 

X 

X 

X 

Seisviewer  (A) 

X 

X 

X 

X 

X 

Velocity  (A) 

X 

X 

X 

X 

X 

Wave 

Amplitude  (A) 

X 

X 

X 

X 

Gamma  Ray  (N) 

X 

X 

X 

Neutron  (N) 

X 

X 

X 

X 

Density 

(gamma-gamma) (N) 

X 

X 

X 

X 

Nuclear 

Magnetism  (N) 

X 

X 

Single  Point 
Resistivity  (E) 

X 

X 

X 

Induction  (E) 

X 

X 

X 

X 

X 

X 

X 

Spontaneous 
Potential  (E) 

X 

X 

X 

X 

Borehole 
Gravimeter  (M) 

X 

X 

Microlog  (E) 

X 

X 

X 

X 

X 

SP  Dipmeter  (E) 

X 

X 

Guard  and 
Laterologs  (E) 

X 

X 

X 

X 

Caliper  (M) 

X 

X 

X 

Borehole 

Television 

and  Camera  (E) 

X 

X 

X 

(A)  - Acoustical 


(N)  - Nuclear  (E)  - Electrical  (M)  - Mechanical 
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which,  when  analyzed  together,  can  provide  a picture  of  the 
subsurface  conditions.  The  geophysical  information  is  then 
combined  with  the  boring  data  and  transferred  to  the  geologic 
profiles . 

Three  geophysical  methods  were  employed  in  the  study  to 
demonstrate  this  process.  They  are  nuclear  logging,  electri- 
cal logging,  and  a borehole  seismic  survey.  These  methods 
are  discussed  in  the  following  sections. 


7.6.2  Nuclear  Logging 

Some  atomic  nuclei  emit  natural  radiations  and  others 
can  be  induced  to  do  so  by  bombardment.  The  nuclear  radia- 
tions are  in  the  form  of  alpha  rays,  beta  rays,  gamma  rays 
or  neutrons.  Both  gamma  radiation  and  neutrons  possess  con- 
siderable penetrating  power  and  are  measured  in  radioactive 
logging. 

Well  logging  instruments  which  measure  the  radioactivity 
of  nearby  formations  may  be  considered  under  three  headings: 
First,  those  which  detect  gamma  radiation  resulting  from  the 
natural  radioactivity  of  the  uranium,  thorium  and  potassium 
in  the  rocks  (natural  gamma).  Second,  those  which  employ 
artificial  gamma  rays  (gamma-gamma) . Third,  those  which  use 
neutron  sources  to  induce  nuclear  processes  (neutron  neutron 
and  neutron  gamma)  (Telford,  1-26). 

7. 6. 2.1  Types  of  Nuclear  Logs 

a.  Natural  Gamma  (NATG)  Log.  The  NATG  Log  measures  the 
natural  gamma  photon  emission  of  the  rocks  through  which  the 
detecting  device  is  trolled.  The  natural  gamma  response  is 
principally  related  to  the  presence  of  potassium'^4Q  but  jn^y 
also  be  influenced  by  minor  amounts  of  uranium  and  thorium. 
Because  of  the  high  K-40  content  and  ion-absorption  and  ex- 
change properties  of  most  clays,  the  gamma  log  ordinarily 
gives  a high  gamma  response  in  clay  zones. 

Clean  quartz  sands  and  carbonates  give  a low  gamma  re- 
sponse. The  natural  gamma  log  has  its  primary  value  as  an 
indicator  of  lithology  and  is  one  of  the  most  versatile  tools 
for  use  in  stratigraphic  correlations.  However,  the  natural 
gamma  log  does  not  have  a unique  response  to  lithology.  The 
response  is  generally  consistent  within  a unique  geologic 
environment . 
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The  radius  of  investigation  of  a gamma  probe  is  a func- 
tion of  several  factors,  including  the  borehole  fluid  and 
diameter,  casing  size,  rock  density  and  photon  energy.  De- 
pending on  the  bulk  density  of  the  rock,  90  percent  of  the 
gamma  photons  detected  probably  originate  within  6 to  12 
inches  of  the  borehole  wall.  Thin  beds  (beds  with  a thick- 
ness less  than  twice  the  radius  of  investigation)  will  not 
be  recorded  at  full  amplitude  because  the  volume  of  influ- 
ence is  never  completely  filled  by  the  bed  (Keys,  1-15) . 

b.  Neutron  Epithermal  Neutron  (NN)  Log.  The  NN  log 
records  the  epithermal  neutrons  produced  when  fast  neutrons 
from  a Pu-Be  (or  Am-Be)  source  are  degraded  in  energy  by  inter 
action  with  materials  surrounding  the  borehole.  Because  the 
neutrons  are  moderated  most  by  collision  v/ith  hydrogen  atoms 
the  log  is  indicative  of  the  water  content  of  the  interrogated 
zone . 


Below  the  water  surface,  the  log  responds  primarily  to 
soil  and  rock  porosity,  whereas  above  the  water  surface  it 
responds  to  formation  moisture.  Because  of  variations  in 
porosity  associated  with  differing  conditions  of  sedimenta- 
tion, the  neutron  log  can  be  of  great  value  for  correlation 
purposes . 

In  most  soils  and  rocks,  the  hydrogen  content  is  directly 
proportional  to  the  interstitial  water  content.  However,  anom 
alous  values  are  caused  by  the  presence  of  hydrocarbons,  by 
chemically  or  physically  bound  water,  or  by  other  hydrogenous 
materials  such  as  gypsum.  In  the  epithermal  method  the  neu- 
trons are  above  the  thermal  energies  at  which  neutron  capture 
or  activation  is  possible.  Therefore,  the  NN  method  provides 
the  highest  percentage  of  response  to  hydrogen  and  is  the 
least  affected  by  the  chemistry  of  the  surrounding  rocks  and 
the  contained  fluid. 

The  radius  of  investigation  of  the  NN  log  is  a function 
of  the  spacing  between  the  source  and  the  detector  and  of  the 
type  of  material  being  logged.  The  radius  is  lower  at  high 
porosities  or  at  higher  percent  moisture  because  of  the  re- 
duced range  of  neutrons  prior  to  capture.  The  normal  range 
is  6 or  7 inches  for  a high  porosity  saturated  medium  and 
about  24  inches  for  a low  porosity  medium  or  dry  rock. 

c.  Neutron  Gamma  (NG)  Log.  The  NG  log  provides  much 
the  same  information  as  the  NN  log  although  it  is  based  upon 
a different  physical  principle.  As  a neutron  from  a Pu-Be 
source  is  slowed  to  thermal  energies,  it  can  be  captured  by 
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nuclei  of  atoms  in  the  jmaterlal  through  which  it  passes.  At 
the  instant  of  capture,  the  nucleus  of  the  capturing  atom  will 
emit  gamma  rays  which  are  characteristic  of  the  element.  Like 
the  NN  log,  the  NG  log  is  most  affected  by  the  presence  of 
water  and  it  also  is  basically  a porosity  log  below  the  water 
table.  The  neutron-gamma  response  is  not  well  understood 
above  the  water  table.  Unlike  the  NN  log,  the  NG  log  will  be 
affected  in  some  measure  by  formation  chemistry.  The  log,  on 
occasion,  will  provide  stratigraphic  diagnostics  because  of 
chemical  anomalies  of  the  rocks  and  their  contained  waters. 

The  radius  of  investigation  for  the  NG  log  is  similar  to  the 
NN  log  (6  to  24  inches) . 

d.  Gamma  Gamma  (GG)  Log.  The  GG  log  is  generated  in 
response  to  backscattered  and  attenuated  gamma  radiation  from 
a cobalt-60  source.  Gamma  photons  are  degraded  in  proportion 
to  the  number  of  electrons  in  the  interrogated  field. 

Because  electron  density  is  generally  equivalent  to  bulk 
density,  the  GG  log  is  a measure  of  formation  density  when 
corrected  for  borehole  conditions.  Barring  appropriate  cali- 
bration, the  GG  log  can  be  considered  only  as  a qualitative 
measure  for  formation  bulk  density. 

The  radius  of  investigation  is  affected  by  the  bulk  den- 
sity of  the  rock,  by  the  borehole  medium,  by  the  presence  of 
a casing,  and  by  the  borehole  size  and  rugosity.  Generally, 

90  percent  of  the  signal  comes  from  within  6 inches  of  the 
sonde.  However,  experiments  in  high  porosity  sediments  with 
a detector  source  spacing  of  4 feet  have  been  successful 
(Keys,  1-15) . 


7. 6. 2. 2 Field  Procedures  - Eighteen  holes  were  made  avail- 
able for  geophysical  logging  (Borings  TSC  7 to  TSC  24  inclu- 
sive) . The  nuclear  logging  equipment  consisted  of  a control 
panel,  a computer  tape  punch,  and  a graph  machine,  all  con- 
tained in  a large  van  (Figure  7-50) . A tripod  was  set  up 
over  the  hole  to  be  logged  and  the  cable  and  sonde  lowered 
to  the  bottom  of  the  hole  (Figure  7-51) . The  instruments 
were  powered  by  the  van's  generator. 

The  vertical  scale  on  the  graph  machine  was  set  at  1 
inch  equals  20  feet.  Two  pens  were  available  for  recording 
the  signature  and  so  dual  horizontal  scales  of  1 inch  equals 
50  and  1000  counts  per  second  were  used.  The  reading  was  a 
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FIGURE  7-50.  NUCLEAR  LOGGING  CONTROL  PANEL, 
COMPUTER  AND  GRAPH  RECORDER 


FIGURE  7-51.  PREPARING  FOR  INSTALLATION  OF 
NUCLEAR  SONDES  IN  BOREHOLE 


continuous  process;  however,  the  computer  was  also  capable 
of  digitizing  readings  at  1 foot  intervals  and  recoraing  on  a 
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tape  for  later  reduction  (Figure  7-52) . The  computer  tape 
punch  was  triggered  by  a magnetic  detector  which  sensed  the 
magnets  located  at  1 foot  intervals  in  the  sonde  cable. 


FIGURE  7-52.  DIGITAL  RECORDING  COMPUTER  AND 
NUCLEAR  LOGGING  CONTROL  PANEL 


The  sonde  was  trolled  up  the  hole  at  a constant  rate  of 
20  feet  per  minute.  The  sonde  was  1-1/4  inches  in  diameter 
and  was  4 to  5 feet  long.  The  sonde  consists  of  a num- 
ber of  components  which  are  interchangeably  used  for  the 
various  nuclear  logs.  The  first  component  was  a radiation 
detector  (scintillometer),  the  second  component  was  a spacer, 
and  the  third  component  was  a radiation  source.  The  source 
was  cobalt-60  for  gamma  ray  emission  and  americium-beryllium 
for  neutron  emission. 

The  sonde  was  trolled  up  the  hole  four  times,  once  for 
each  logging  method.  The  detector  and  spacer  only  were  used 
to  obtain  the  natural  gamma  signature.  The  other  three  meth- 
ods used  the  full  compliment  of  detector,  spacer  and  source. 

The  total  time  required  for  logging  a hole  was  about  one 
hour,  including  mobilization  from  hole  to  hole. 
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7. 6. 2. 3 Implementation  Considerations  - There  are  certain  in- 
trinsic limitations  to  the  nuclear  logging  method.  The  effec- 
tive radius  of  investigation  has  been  discussed  previously  in 
this  report. 

Borehole  effects  are  the  most  important  extraneous 
effects  on  a nuclear  log.  Above  the  water  table,  the  signa- 
tures of  the  gamma  gamma,  neutron  gamma  and  the  neutron  neu- 
tron logs  are  unreliable  because  of  the  unknown  variations  in 
moisture  content  of  the  materials  penetrated  by  the  bore. 

These  logs  are  also  affected  upon  entering  the  water, 
and  their  responses  cannot  be  used  through  an  approximate  five 
foot  interval  below  the  water  table.  Erroneous  responses  can 
also  occur  at  the  bottom  of  the  boring,  caused  by  a higher 
absorption  rate  of  the  source  radiation. 

Variable  bore  size  and  casing  schedules  cause  slight 
interference  in  interpretation.  This  difficulty  arose  in  the 
TSC  program  where  13  boreholes  that  penetrated  rock  exhibited 
six  different  borehole  environments.  This  variability  in 
borehole  size  is  a consequence  of  the  variety  of  exploration, 
testing  and  monitoring  methods  being  used  in  the  TSC  program 
and  normally  would  not  occur  in  a non-research  oriented  ex- 
ploration program. 

The  rugosity  (roughness)  of  the  borehole  wall  can  inter- 
fere with  the  interpretation  of  the  nuclear  logs.  This  is 
especially  true  when  the  borehole  is  cased  and  the  breakouts 
cannot  be  determined  with  a caliper  log. 

Nuclear  logging  instruments  can  be  calibrated  for  a speci- 
fic hole  or  casing  size.  However,  the  variety  of  hole  sizes 
and  casing  schedules  in  the  test  section  and  the  lack  of  a 
caliper  log  of  the  borehole  wall  necessitated  a qualitative 
interpretation  of  the  data. 

Background  experience  and  information  in  each  geologic 
environment  is  essential  because  the  nuclear  log  response  is 
not  the  same  for  all  geologic  environments.  Essentially, 
correlations  are  restricted  to  a single  geologic  environment. 

It  is  important  that  experienced  personnel  interpret  the 
nuclear  logs.  Considering  the  non-isotropic  and  heterogene- 
ous nature  of  most  natural  deposits,  the  interpretation  of 
the  logs  is  an  art  as  well  as  a science. 
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One  problem  particular  to  nuclear  logging  is  that  radio- 
isotopes are  used  in  the  procedure.  It  is  important  that  an 
operator  be  cognizant  of  the  applicable  federal  or  state  regu- 
lations covering  the  use,  transportation  and  storage  of  these 
materials.  Training  and  experience  in  radiation  monitoring 
and  the  safe  handling  of  radioisotopes  is  a pre-requisite  to 
obtaining  a permit  or  license.  On-the-job  training  must  in- 
clude the  specific  equipment  and  procedures  to  be  used  in  well 
logging.  Individual  states  usually  require  a permit  to 
operate  radioactive  equipment  within  their  borders.  Some 
states  (California)  do  not  permit  nuclear  logging  while  others 
may  have  restrictions  such  as  allowing  logging  only  in  fully 
cased  holes  (Idaho) . 


7. 6. 2. 4 Application  in  Tunneling  - Nuclear  logging  in  bore- 
holes can  provide  valuable  information  for  use  in  tunnel  de- 
sign and  construction.  The  method  can  correlate  the  strati- 
graphy within  a geologic  environment  given  a few  logged  bore- 
holes for  material  identification  purposes.  This  is  demon- 
strated in  the  geologic  profiles  (Appendix  B) . The  method 
can  identify  clay  zones  in  the  soil  and  fracture  or  shear 
zones  in  the  rock  which  may  cause  stability  problems  during 
tunnel  construction.  Top  of  rock  can  also  be  identified. 

In  the  tunneling  construction  phase,  nuclear  logging  may 
be  combined  with  horizontal  drilling  to  identify  problem 
areas  ahead  of  the  tunneling  operation.  Zones  of  clay  or 
gouge  or  water  inflow  associated  with  fracture  or  shear  zones 
may  be  identified. 

The  nuclear  logging  method  can  provide  information  by 
itself  but,  of  more  importance,  it  is  a valuable  correlation 
aid  in  an  exploration  program. 


7. 6. 2. 5 Cost  - The  total  cost  of  the  nuclear  logging  program 
was  $12,600.  This  cost  included  mobilization  of  the  logging 
equipment  and  personnel  from  the  State  of  Washington;  logging 
18  boreholes  using  four  different  nuclear  logging  techniques; 
reducing  the  data  and  inputing  to  a computer;  analyzing  the 
data  and  preparing  a report.  The  cost  also  included  hand 
digitizing  the  electric  log  field  signatures  and  inputing  to 
the  computer. 
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7.6.3  Electrical  Logging 

The  physical  properties  of  rocks  measured  in  electrical 
borehole  logging  are  self-potential,  electrical  conduc- 
tivity or  the  inverse,  resistivity.  Electrical  borehole  log- 
ging has  become  a standard  procedure  in  petroleum  exploration 
since  the  Schlumberger  brothers  initiated  it  in  1928.  How- 
ever, little  experience  is  available  in  the  application  of 
electrical  logging  in  the  engineering  field.  Reasons  for 
this  lack  of  use  include  the  complex  geology  at  many  engineer- 
ing sites  and  the  availability  of  core  from  diamond  drill 
holes.  The  electric  logging  method  can  provide  a means  of 
correlation  between  boreholes  and  may  identify  formations. 


7. 6. 3.1  Types  of  Electrical  Logging  - Many  methods  of  elec- 
trical borehole  logging  have  been  developed  in  the  past  40 
years;  these  include  resistivity,  self-potential , sponta- 
neous potential,  induction  and  induced  polarization.  The 
electric  logs  can  be  conducted  only  in  open  (uncased)  fluid- 
filled  boreholes.  The  fluid  must  be  conducting  such  as  mud 
or  water.  Only  the  spontaneous  potential  and  resistivity  logs 
are  discussed  below  since  they  were  utilized  on  this  project: 

a.  Spontaneous  Potential  (SP)  Method.  The  spontaneous 
potential  log  provides  a continuous  record  of  the  natural 
potentials  developed  between  the  trolling  sonde  and  an  elec- 
trode at  ground  surface. 


Such  potentials  have  been  attributed  in  the  past  to 
electrofiltration  and  concentration  potentials.  However, 
some  current  thought  relates  them  largely  to  oxidation- 
reduction  potentials  developed  in  the  interrogated  media. 

The  spontaneous  potential  log  is  ordinarily  analyzed  in  con- 
junction with  the  resistivity  log  and  is  useful  in  distinguish- 
ing sands  from  shales.  It  is  used  for  evaluating  lithology 
and  in  determining  bed  thickness. 

The  radius  of  investigation  of  the  spontaneous  potential 
method  is  highly  variable.  This  is  because  the  potential 
drop  along  the  mud  column  in  the  borehole  results  from  cur- 
rents that  originate  away  from  the  borehole  along  formation 
boundaries  illustrated  in  Figure  7-53. 

In  the  lithologic  section  shown,  the  currents  flow 
into  permeable  beds  until  a sufficient  cross-sectional  area 
of  the  resistive  bed  is  encountered  to  carry  the  current. 
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FIGURE  7-53.  ELECTRICAL  LOGGING  EFFECTS  IN 
VARIABLE  FORMATIONS 


The  current  then  flows  across  the  resistive  bed  until  an 
impervious  conductive  bed  is  encountered.  The  current  then 
returns  to  the  borehole.  Also,  the  SP  may  not  relate  directly 
to  the  permeable  beds  because  the  effect  of  these  beds  spreads 
the  SP  above  and  below  the  bed  boundaries.  This  is  illus- 
trated in  the  left  side  of  Figure  7-53  (Keys  and  MacCary, 

1-15) . 


b.  Resistivity  CRl  Method,  The  single  point  resistivity 
log  provides  a continuous  record  of  apparent  rock  resistivity 
measured  between  a close-coupled  lead  plummet  (A  on  Figure 
7-54)  and  the  shell  (B  on  Figure  7-54)  of  the  measuring  sonde. 
Although  the  measured  resistivity  is  less  than  true  rock  re- 
sistivity, the  method  has  high  resolving  power  and  will  accu- 
rately establish  the  boundary  between  strata  of  differing 
resistivity.  The  log  can  provide  valuable  data  for  lithologic 
correlation  and  bed  thickness  determination. 

The  radius  of  investigation  for  the  single  electrode 
resistivity  system  is  very  small  and  the  method  actually 
measures  the  resistance  of  the  borehole  fluid  as  it  is  affec- 
ted by  the  resistance  of  the  surrounding  volume  of  rock 
(Keys,  1-15). 


7-78 


FIGURE  7-54.  SCHEMATIC  DIAGRAM  OF 

SINGLE  POINT  RESISTIVITY 
LOGGING  TECHNIQUE 


7. 6. 3. 2 Field  Procedures  - The  instrument  used  to  electri- 
cally log  borings  in  the  TSC  test  section  was  a modified  Model 
9245  Suitcase  Geo-Logger , manufactured  by  Well  Reconnaissance, 
Inc.  (Figure  7-55) . The  logger  is  a completely  self-con- 
tained, hand  cranked  hoist  logger  mounted  in  a light-weight 
aluminum  suitcase.  The  approximate  weight  is  60  pounds. 

Figure  7-56  shows  a schematic  of  the  logging  system. 

Various  tests  are  recommended  to  check  electrical  con- 
tinuity and  proper  voltage  levels  in  the  instrument  and  the 
cable  before  operating.  These  tests  can  be  accomplished  with 
a small  voltmeter.  The  recording  pens  are  zeroed  and  the  sen- 
sitivity and  position  controls  adjusted  for  maximum  use  of  the 
pressure-sensitive  chart  paper. 

The  tripod  is  positioned  over  the  borehole  and  the  sonde 
trolled  down  the  hole  with  the  hand  crank.  The  footage  coun- 
ter indicates  the  depth  of  the  sonde.  The  sonde  is  then 
trolled  up  the  hole  at  a constant  speed  of.  about  25  feet  per 
minute  while  the  instrument  records  the  logs.  Three  runs  are 
made  in  each  hole  logged  (Figure  7-57) . 
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FIGURE  7-55.  MODEL  9245  "SUITCASE" 

ELECTRIC  GEO-LOGGER™  UNIT 


The  electric  logging  method  can  be  employed  only  in  an 
open  (uncased)  fluid  filled  hole.  Therefore,  the  logging  is 
accomplished  immediately  after  completion  of  the  drilling. 
Because  of  the  fractured  nature  of  the  rock  at  the  TSC  test 
section,  the  sonde  jammed  in  some  holes  (causing  some  damage 
to  the  sonde  wiring)  and,  in  others,  the  sonde  could  not  be 
trolled  to  the  bottom.  Therefore,  the  only  holes  where  the 
electric  logging  was  accomplished  were  TSC  7,  3,  9,  10,  11, 

13,  14,  15,  16,  17,  18,  19,  20,  21  and  23. 

7. 6. 3. 3 Discussion  of  Results  - The  field  electrical  logs 
were  transmitted  to  Dr.  James  Crosby  of  Washington  State  Uni- 
versity for  evaluation.  They  were  hand  digitized  and  input  to 
a computer  for  reproduction  as  suites  with  the  nuclear  logs. 


'{  ! 
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FIGURE  7-56.  SCHEMATIC  OF  ELECTRIC  BOREHOLE  LOGGER 


FIGURE  7-57 


ELECTRICAL  BOREHOLE  LOGGING 


For  the  boreholes  where  resistivity  and  spontaneous  po- 
tential were  determined,  three  runs  of  each  log  were  made. 

In  some  cases,  the  response  is  off  scale.  In  many  cases  the 
logs  are  not  repeatable,  and  often  the  expected  relation- 
ship between  resistivity  and  spontaneous  potential  responses 
is  not  apparent.  In  the  quality  assurance  programs  at  Wash- 
ington State  University,  log  repeatability  is  used  as  the 
basic  criterion  for  validity  of  a log  function. 

Where  repeat  runs  of  a hole  are  made  with  the  same  tool, 
they  must  be  identical  within  expected  limits  of  variation. 
For  these  reasons,  the  electrical  logs  are  not  considered  in 
defining  and  correlating  units.  The  probable  reasons  for  the 
failure  of  the  electric  logs  to  give  a usable  response  are 
addressed  in  the  next  section. 

Fourteen  boreholes  were  electrically  logged  and  four 
representative  field  logs  are  included  in  Appendix  D for  in- 
formation purposes. 


7.6. 3. 4 Implementation  Considerations  - The  TSC  test  section 
site  is  on  Massachusetts  Avenue  in  the  City  of  Cambridge. 

This  thoroughfare  is  heavily  traveled  and  includes  electric 
buses  powered  by  overhead  electric  lines.  There  are  approxi- 
mately 50  underground  utilities  between  the  building  lines. 
These  include  metal  ducts  containing  electric  lines  and  tele- 
phone lines  and  steel  water  and  sewer  pipes.  Also  there  are 
abandoned  steel  trolley  tracks  buried  under  the  suface  pave- 
ment . 


These  utility  lines  create  excessive  interference  with 
the  electric  logging  methods  by  introducing  anomalous  currents 
and  potentials  in  the  subsurface  and  effectively  masking  the 
true  spontaneous  potential  and  resistivity  response. 

Specific  sources  of  anomalous  readings  include  the  magne- 
tization of  the  armored  sonde  cable.  Magnetic  storms  in  the 
ionosphere,  caused  by  solar  flares,  set  up  abnormal  telluric 
currents  in  the  earth  which  effect  the  response. 

The  flow  of  ground  water  through  the  borehole  being  logged 
will  also  affect  the  log  response.  Man-made  effects  include 
the  following: 

a.  Circulating  ground  currents  near  electrical  switch 
yards,  transformers  and  power  lines. 
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b.  Electrochemical  action  (corrosion)  along  buried 
pipelines . 

c.  Cathodic  protection  devices  on  buried  pipelines. 

d.  Potentials  set  up  along  large  or  long  metallic  ob- 
jects, for  example  railroad  or  trolley  tracks  or  pipes. 

e.  Local  electrical  operations  (the  electric  buses). 

f.  Because  truck  tires  are  not  perfect  insulators,  some 
finite  resistance  exists  between  the  truck  frame  and  the 
ground  electrode.  Standing  mud  and  water  add  to  this  conduc- 
tion which  can  be  accentuated  in  a highly  resistive  formation, 
such  as  crystalline  rock  saturated  with  fresh  water  (Keys, 
1-15). 


7.6. 3. 5 Application  in  Tunneling  - The  ability  of  electrical 
logging  methods  to  discern  formation  lithology  and  thickness 
and,  to  a lesser  extent,  to  locate  fractures  is  acknowledged. 
However,  an  urban  environment  introduces  many  complexities 
and  sources  of  potential  error  into  the  acquisition  of  accu- 
rate, repeatable  log  responses.  These  problems  have  been 
enumerated  in  the  preceding  section.  It  may  be  possible  to 
engineer  an  instrument  to  accommodate  these  problems . How- 
ever, the  results  of  this  study  indicate  that  electric  logging 
may  not  be  applicable  in  an  urban  environment,  where  the 
majority  of  transit  tunneling  is  located. 


7. 6. 3. 6 Cost  - The  electric  logging  for  this  project  was 
accomplished  in-house,  so  a third  party  service  contract  was 
not  required.  It  is  estimated  that  the  cost  of  logging  15 
boreholes  to  a depth  of  100  feet  was  approximately  $4,070, 
which  includes  the  cost  of  a logging  unit.  The  cost  of  the 
manpower  alone  to  log  the  15  holes  is  estimated  at  approxi- 
mately $560.  A two-man  crew  is  usually  needed  to  log  a bore- 
hole. 


7.6.4  Borehole  Seismic  Survey 

7. 6. 4.1  General  - There  are  numerous  types  of  seismic  waves. 
These  waves  are  propagated  by  impulses  in  the  earth's  crust. 
These  impulses  may  be  artificial,  such  as  quarry  blasts,  nu- 
clear detonations  and  petroleum  or  engineering  explorations; 
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or  they  may  be  natural,  such  as  earthquakes  or  void  collapses 
in  carbonate  rocks. 

The  various  types  of  seismic  waves  are  placed  into  two 
broad  classifications,  surface  waves  and  body  waves.  Surface 
waves  travel  along  the  medium  at  the  surface.  The  two  types 
of  surface  waves  are  Love  waves  and  Rayleigh  waves.  These 
surface  waves  have  large  amplitude  and  long  period  and  can 
usually  be  observed  near  machinery  which  produce  continuous 
electrodynamic  vibrations. 

Body  waves  are  of  two  types,  compressional  waves  and 
shear  waves.  Compressional  or  P waves  travel  through  the 
earth  with  a longitudinal  motion.  Shear  or  S waves  travel 
through  the  earth  with  a translational  motion.  P waves 
always  have  higher  velocities  than  S waves  and  consequently 
appear  first  in  a seismic  wave  train.  If  the  materials 
being  investigated  have  relatively  low  bulk  densities,  the 
S waves  may  sometimes  be  obscured  by  surface  wave  arrivals. 

It  is  the  P and  S waves  that  are  used  in  engineering  investi- 
gations. Appendix  E shows  some  typical  seismic  signatures 
obtained  during  the  project  study. 

The  purpose  of  most  borehole  seismic  investigations  is 
to  obtain  a measurement  of  the  transit  time  of  these  P and 
S seismic  waves  between  boreholes.  These  measurements  are 
used  in  calculations  to  determine  the  engineering  character- 
istics of  materials  that  the  waves  pass  through.  P wave 
velocities  are  dependent  on  the  bulk  and  shear  moduli!  of 
materials  in  the  propagation  path,  and  the  S wave  velocities 
are  dependent  on  the  shear  modulus.  If  the  bulk  density  of 
the  materials  is  known  or  can  be  estimated,  the  measured 
velocities  are  used  in  standard  formulae  with  these  densities 
to  calculate  parameters  which  may  give  an  indication  of  how 
subsurface  materials  behave  during  excavation  or  construction 
activities.  These  parameters  are  Poisson's  Ratio  and  Young's 
Modulus . 


7. 6. 4. 2 Types  of  Surveys  - The  principal  types  of  borehole 
surveys  are:  (a)  crosshole  surveys  and  (b)  downhole  or  up- 

hole  surveys.  The  radius  of  investigation  is  limited  only 
by  the  amount  of  energy  available  for  impulse  generation  and 
the  bulk  densities  of  the  investigated  materials.  In  urban 
areas  the  maximum  energy  may  be  limited  by  the  necessity  to 
protect  adjacent  buildings  and  utilities. 
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a.  Crosshole  Survey  - The  crosshole  investigation  is 
conducted  by  introducing  a shock  impulse  at  a selected  depth 
in  one  borehole  and  recording  the  resulting  shock  waves  in  an 
adjacent  borehole  (or  series  of  boreholes) . Accurate  deter- 
mination of  the  initiation  time  of  the  impulse  and  the  arrival 
time  of  the  waveforms  reaching  the  recording  positions,  along 
with  measurement  of  the  distances  between  the  point  of  impulse 
and  recording  positions,  provide  the  information  needed  for 
determination  of  velocities.  The  recordings  are  usually,  but 
not  necessarily  always,  made  at  the  same  elevation  as  the 
impulse  so  that  the  most  direct  path  of  propagation  influences 
the  recorded  information. 

A single  "sensing"  borehole  may  be  used,  but  it  is  more 
common  to  collect  recordings  from  a linear  series  of  bore- 
holes or  from  an  azimuthal  array  of  boreholes  so  that  the  data 
represent  several  measurements  of  the  shock  waves  arriving  at 
different  locations  from  the  same  initial  impulse.  Multiple 
recording  positions  permits  a direct  comparison  of  the  wave 
forms  and  velocities  along  different  paths  from  the  same  in- 
put, and  no  uncertainty  about  coupling  effect  or  initiation 
time  need  be  considered  to  perform  a comparison. 


b.  Uphole  or  Downhole  Survey  - The  uphole  survey 
records  the  seismic  wave  transit  time  from  the  elevation  of 
impulse  initiation  to  the  ground  surface.  Measurement  of 
this  time,  as  the  survey  progresses,  provides  repeated  infor- 
mation on  major  changes  in  the  velocity  structure  of  the 
material  penetrated  by  the  borehole.  In  the  downhole  survey, 
the  geophone  and  the  impulse  source  are  reversed  with  the  geo- 
phone at  depth  and  the  energy  source  at  the  surface.  The 
downhole  survey  was  not  used  in  this  investigation. 

7. 6. 4. 3 Signal  Enhancement  - Signal  enhancement  is  a record- 
ing technique  that  makes  use  of  the  frequency-amplitude  ran- 
domness of  ambient  earth  noise  with  time  and  the  frequency- 
amplitude  coherence  of  induced  seismic  signals.  This  coher- 
ence is  assured  when  the  instant  of  impulse  initiation,  im- 
pulse shape,  and  propagation  path  are  controlled. 

With  the  instrument  used  for  this  investigation,  a set 
length  of  time  after  impulse  initiation  (detonation  of  a 
blasting  cap) , an  individual  recording  representing  ground 
motion  is  placed  in  the  memory  for  each  axis  of  sensitivity 
at  each  sensing  position.  The  sequence  of  field  operations 
can  be  repeated  without  changing  the  elevation  or  position 
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of  the  sensing  equipment  and  impulse  point,  and  another 
record  taken  that  can  be  added,  point  by  point  throughout 
the  time  period  selected,  to  the  records  in  the  memories. 

The  random  character  of  ambient  earth  noise  results  in 
some  random  addition,  subtraction,  and  nullification  of  levels 
as  the  new  recording  is  added  to  the  earlier  one.  However, 
the  levels  at  each  sample  point  representing  the  seismic  sig- 
nal will  occur  at  the  same  level,  with  the  same  polarity,  and 
at  the  same  time  follow  the  impulse  initiation.  .Each  repe- 
tition then  systematically  increases  the  signal  level  while 
the  ambient  noise  level  increases,  on  the  average,  at  a 
lesser  rate. 

Theoretically,  the  signal  level  will  increase  above  the 
noise  level  by  a factor  of  /n~,  where  n is  the  number  of  repe- 
titions of  the  sequence  of  observations , provided  that  the 
signal  is  completely  coherent  in  time,  frequency,  amplitude, 
and  polarity  and  the  noise  completely  random  in  time,  fre- 
quency, amplitude,  and  polarity  in  the  Gaussian  sense. 

In  an  urban  environment,  where  random  noise  is  usually 
at  a maximum,  the  advantage  of  using  an  instrument  with  sig- 
nal enhancement  capability  is  obvious.  Using  this  technique 
negates  the  necessity  of  using  larger  energy  sources  to  over- 
come the  ambient  noise.  Also,  it  may  not  be  necessary  to 
conduct  the  exploration  program  at  night  when  the  noise  is  at 
a minimum. 


7. 6. 4. 4 Equipment  - The  seismograph  for  multiple  borehole 
uphole/crosshole  surveys  is  discussed  below  along  with  some  of 
the  basic  functions  of  the  various  components  of  the  system. 

The  sensors  used  to  detect  motion  within  the  boreholes 
are  coil-magnet  transducers  that  generate  small  voltages  pro- 
portional to  the  rate  of  motion  impressed  upon  the  transducer 
package.  For  borehole  work,  three  axes  of  sensitivity  are 
usually  recorded,  an  orthogonal  set  of  one  vertical  motion 
detector  output  and  outputs  from  two  mutually  perpendicular 
horizontal  detectors.  Transducers  used  on  both  the  borehole 
and  surface  units  for  this  investigation  are  Mark  Products 
L-15™  geophones,  with  the  borehole  units  encased  in  a tempered 
aluminum  tube  of  2.0- inch  maximum  O.D.  and  15-inch  length 
(Figure  7-58) . The  surface  package  containing  3 trans- 
ducers is  6.0  inches  O.D.  and  2.5  inches  high.  The  borehole 
sensor  tube  is  hermetically  sealed  and  weighted  to  assure  a 
negative  buoyancy  when  submerged  in  water  or  low-density 
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FIGURE  7-58.  SIGNAL  ENHANCEMENT  SEISMIC 

UNIT  WITH  BOREHOLE  GEOPHONES 


drilling  muds.  Individual  conductor  pairs  are  attached  to 
each  of  the  3 transducers  within  the  package,  with  the 
exit  point  for  conductors  through  a hermetically  sealed  con- 
duit at  the  top  of  the  borehole  sensor  package. 

Ordinary  Belden-type  8777™  6-conductor  cable  was  used 
to  transmit  the  voltages  generated  from  the  sensing  units  to 
the  recording  part  of  the  seismograph.  This  type  of  cable  has 
the  capacity  to  support  300  feet  of  its  own  weight  in  the 
borehole  plus  the  sensing  unit. 

The  recording  unit  used  for  the  investigation  was  a Geo- 
metrics/Nimbus Instruments  Model  1200™  Multiple  Channel  Sig- 
nal Enhancement  Seismograph.  This  unit  has  12-channel  record- 
ing capability  with  crystal  controlled  timing  and  individual 
memories  for  each  data  channel  (Figure  7-59) . 
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The  only  other  equipment  needed  for  the  survey  is  a bat- 
tery pack  and  a high  voltage  blaster  to  fire  the  blasting  cap. 


FIGURE  7-59.  GEOMETRICS/NIMBUS  INSTRUMENTS  MODEL  120QTM 
MULTIPLE  CHANNEL  SIGNAL  ENHANCEMENT  SEISMO- 
GRAPH 


7. 6. 4. 5 Impulse  Initiation  - Many  methods  of  impulse  initia- 
tion are  available,  depending  on  the  subsurface  materials 
present  and  the  procedures  used  in  preparing  the  boreholes. 

The  boreholes  used  for  sensing  on  this  project  were  cased  with 
PVC  tubing  to  reduce  the  chances  of  losing  instrumentation  to 
cave-ins,  to  maintain  open-hole  conditions  throughout  the 
depths  where  investigations  are  needed,  and  to  provide  access 
for  other  investigations,  Pyc  casing  also  has  seismic  veloc- 
ities similar  to  that  of  water,  and  potential  for  distortion 
of  the  signals  because  of  velocity  differences  is  minimized 
below  the  water  table. 

The  borehole  used  for  initiating  impulses  may  be  cased, 
uncased,  or  partially  cased  with  any  number  of  materials. 

Both  the  impulses  from  driving  casing  for  wash  borings  and 
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impulses  from  driving  a split-spoon  sampler  below  such  casing 
have  been  used  as  an  impulse  source.  Special  instrument 
driving  "feet"  have  been  used  below  the  bottom  of  casing. 
Inside-casing  hammers  and  air-gun  impulses  have  been  used 
and  explosives  have  been  commonly  used  for  impulse  initiation. 
If  explosives  are  used  in  PVC  casing,  the  casing  is  usually 
destroyed.  This  is  true,  even  with  single  blasting  caps,  if 
the  shot  points  are  below  the  water  table  (as  was  the  case  in 
this  test  section) . Very  small  charges  of  dynamite  are  also 
sufficient  to  seriously  distort  or  rupture  steel  borehole 
casings . 

Where  strong  impulse  devices  are  used  (air-guns,  explo- 
sives) it  is  necessary  to  begin  the  investigation  at  the 
bottom  of  the  borehole  and  progress  upward  to  minimize  risk 
of  loosing  access  to  lower  elevations  because  of  casing 
destruction.  Other  impulse  generators  mentioned  above  may  re- 
quire initiating  the  investigations  at  shallow  depth  (driven 
devices)  or  at  any  particular  depth  of  interest  (within-casing 
hammers) . 


7.6. 4.6  Field  Procedure  - The  initial  steps  of  field  opera- 
tions for  the  test  section  included  lowering  the  three-compo- 
nent geophone  units  into  the  boreholes  to  selected  depths  and 
assembling  the  various  components  of  the  recording  system. 

Depth  control  for  the  downhole  units  is  accomplished  by  at- 
taching a steel  tape  to  the  unit  and  measuring  depth  to  the 
sensor  from  top  of  casing  at  each  borehole.  Assembly  of  the 
recording  unit  components  requires  only  that  the  battery  power 
pack  and  cap  initiator  unit  are  attached  to  the  seismograph, 
and  that  the  recording  paper, supply  is  adequate. 

For  this  investigation,  3 boreholes  were  selected  as 
observation  boreholes  for  obtaining  records  of  the  waveforms 
from  impulses  generated  in  a fourth  borehole  ( "shothole" ) . 

The  surface  geophone  was  installed  next  to  the  shothole  to 
obtain  the  uphole  waveforms  (Figure  7-60)  . Since  each  geo- 
phone unit  includes  three  axes  of  sensitivity,  all  twelve  of 
the  available  recording  channels  were  utilized  each  time  a 
seismogram  was  obtained. 

Ti’l 

A single  " Instadet " electric  blasting  cap,  weighted  with 
a sinker  and  connected  to  lamp  cord,  was  used  as  an  impulse 
generator  throughout  the  investigations.  The  lamp  cord  was 
also  connected  to  the  cap  initiator,  with  the  initiator  dis- 
charging a capacitor  to  the  cap  for  initiation  and  sending 


7-89 


FIGURE  7-60.  PREPARING  "SHOTHOLE"  FOR 
CROSSHOLE  SEISMIC  SURVEY 


an  impulse  to  start  the  recording  interval  at  instant  of  cap 
initiation. 

Surveys  of  each  set  of  4 boreholes  started  with  the 
3 geophone  units  and  blasting  cap  at  the  bottom  of  the 
boreholes  at  the  same  elevation  (some  exceptions  are  noted 
below) . This  initial  investigation  was  5±  feet  below  tunnel 
invert  elevation.  The  final  elevation  investigated  was  15 
to  25  feet  above  tunnel  crown  elevation  (about  60  feet  in 
depth) . 

With  all  data  channels  active,  the  cap  was  detonated 
and  a recording  of  the  resulting  waveforms  was  obtained.  The 
recording  was  then  examined  for  adequacy  (i.e.,  ability  to 
time  the  arrival  of  compressional  and  shear  waves)  and  was 
adjusted  for  amplitude  or  playback  speed  if  necessary.  The 
borehole  geophone  units  were  then  rotated  to  change  the  hori- 
zontal axes  aziinuth  as  an  aid  to  analysis  and  for  data 
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redundancy,  and  a 'second  cap  was  detonated  at  the  same  ele- 
vation to  provide  a separate  recording  at  the. same  depth. 

When  a satisfactory  recording  set  was  obtained,  the  en- 
tire borehole  array  of  instruments  and  cap  was  systematically 
raised  in  5-foot  intervals  throughout  the  investigated 
range,  repeating  the  recording  pattern  at  each  5-foot  ele- 
vation. 

Variations  to  this  pattern  were  necessary  because  of 
borehole  conditions,  several  boreholes  had  caved  before  cas-  < 

ing  could  be  placed.  Also,  certain  boreholes  could  not  be 
used  as  shotholes  because  subsequent  investigations  were  plan- 
ned that  could  not  be  conducted  if  the  casing  were  destroyed. 

Caving  limited  access  to  an  82.5  foot  depth  in  borehole 
TSC  18  and  to  65.0  feet  in  borehole  TSC  22.  In  such  cases, 
the  borehole  geophone  unit  was  placed  on  the  bottom  at  maximum 
depth  until  the  other  elements  of  the  instrument-cap  array 
reached  that  elevation.  The  geophone  unit  in  the  limited- 
depth  borehole  was  then  raised  systematically  with  the  others 
above  the  bottom  elevation. 

Figure  7-61  shows  the  4-borehole  sets  that  were  sur- 
veyed during  this  investigation.  Seven  test  series  were  sur- 
veyed, including  3 linear  arrays  (1,  2,  3),  two  azimuthal 
arrays  (5,  7) , one  "T"-shaped  array  (4) , and  one  "L"-shaped 
array  (6) . Redundant  data  over  the  range  of  depths  investi- 
gated were  collected  in  boreholes  TSC  7,  8,  15,  16,  and  18 
from  different  shothole  positions.  Borehole  TSC  17  was  used 
both  as  an  observation  borehole  and  shothole.  Data  for  test 
series  4-5  and  6-7  were  collected  by  obtaining  records  at  a 
given  elevation  with  one  array  configuration  (4  or  6) , then 
removing  2 borehole  units  and  reinstalling  them  at  the  same 
depth  in  the  next  array  configuration  (5  or  7) . In  effect, 
this  procedure  doubled  the  potential  use  of  the  shothole  be- 
cause 2 arrays  could  be  obtained  before  casing  loss  pre- 
vented re-use  of  the  shothole.  Redundant  data  for  bias  cor- 
rection was  also  maintained  by  keeping  one  borehole  instrument 
in  place  at  each  elevation  as  the  other  two  were  moved. 


7. 6. 4. 7 Data  Analysis  - The  primary  interest  in  analysis  of 
the  uphole/crosshole  data  is  determination  of  the  transit 
times  of  compressional  and  shear  waves  traveling  direct  paths 
from  the  shot  initiation  point  to  the  borehole  geophones  or 
to  the  surface  geophone.  Velocity  is  determined  by  dividing 
the  distance  from  shot  point  to  the  closest  geophone  by  the 
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CROSSHOLE  BOREHOLE 

TEST  SERIES  NUMBER 


SHOTHOLE 


1 

10-18-  8 

2 1 

2 

1 4-  1 7-  1 S 

20 

3 

9-16-  7 

1 9 

4A 

18-17-16 

1 7 

4B 

1 7 - 1 S 

1 7 

5A 

17-  7 

1 7 

SB 

1 7-  1 S 

1 7 

SC 

1 7-  8 

1 7 

6A 

24-23-22 

24 

6B 

24-  1 2 

24 

7A 

24-  1 2 

24 

7B 

24-  1 3 

24 

7C 

24-  1 1 

24 

40 


80 


SCALE  feet 


1 


[ 


FIGURE  7-61.  SEISMIC  ARRAY  PATTERNS, 
CROSSHOLE-UPHOLE  SURVEY 


transit  time  of  the  wave  to  that  location,  then  dividing  the 
distance  between  adjacent  geophones  by  the  transit  time  of 
the  wave  between  those  geophones  for  the  balance  of  the  linear 
array.  For  the  non-linear  arrays,  the  time  between  shot  ini- 
tiation and  arrival  time  at  the  individual  geophones  is  used. 

Identification  of  the  direct  compressional  wave  is  usu- 
ally straightforward  because  it  is  the  first  arriving  signal 
on  the  seismograms.  Some  interference  with  the  direct  wave 
may  occur  in  crosshole  investigations  because  of  earlier  or 
simultaneous  arrival  of  refracted  compressional  waves  from 
overlying  or  underlying  higher  velocity  materials.  These 
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typically  occur  when  the  shot  to  geophone  spacing  exceeds 
one-third  to  one-half  of  the  depth  difference  between  the 
refracting  layer  and  the  horizon  of  the  shot  and  geophone. 

Such  refractions  can  usually  be  identified  by  low  amplitude, 
low  frequency,  and  significant  vertical  component  motion 
characteristics  when  compared  to  the  direct  compressional 
wave  and  are  identified  in  Appendix  G. 

Shear  wave  arrivals  are  more  difficult  to  identify  be- 
cause of  interference  from  the  various  refractions,  reflec- 
tions, and  reverberations  that  may  accompany  the  passage  of 
the  compressional  wave  motions.  Direct  shear  waves,  however, 
typically  show  a phase  relationship  reversal  between  vertical 
and  horizontal  motions  seen  in  the  compressional  wave,  have 
a greater  amplitude  of  motion,  and  always  follow  the  arrival 
of  the  compressional  wave. 

Appendix  G shows  a selection  of  the  seismograms  analyzed 
for  this  study  with  the  selection  made  on  the  basis  of  dis- 
playing signal  characteristics  and  recording/display  capa- 
bilities of  the  seismograph  employed  in  the  investigation: 

Appendix  page  G-1.  Refracted  compressional  waves  from 
underlying  high  velocity  materials. 

Appendix  page  G-2.  Compressional  and  shear  waveforms  at 
75-foot  depth  without  refraction  interference.  Note  the 
strong  effect  of  rotating  the  geophone  in  borehole  TSC  7 on 
the  horizontal  waveform.  Shotpoint  was  repeated  at  the  same 
elevation  for  the  2 seismograms  shown. 

Appendix  page  G-3.  Displays  gain-ranging  capability  of 
recording  system,  with  upper  part  of  figure  first  playout  of 
records  stored  in  memory,  then  subsequent  playout  of  the  same 
memory  record  at  different  gain  levels  (note  also  some  "clip- 
ping" or  saturation  of  the  storage  levels) . 

Appendix  page  G-4.  Expanded  time-scale  playout  versus 
condensed  scale  for  separate  shots  at  the  same  depth  after 
rotation  of  the  borehole  geophones . 

Appendix  page  G-5.  Typical  waveforms. 

Appendix  page  G-6.  Typical  waveforms,  after  rotation. 

Appendix  pages  G-7  and  G-8.  Expanded  playout  scale  show- 
ing ground  role  on  surface  instrument  from  passing  traffic 
(Borehole  TSC  17)  . 
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Initiation  time  of  the  cap  for  energy  impulse  is  at  the 
left  margin  of  each  of  the  figures,  marked  by  a downward 
deflection  of  the  uppermost  trace  and  an  upward  deflection  of 
the  lowest  trace  of  each  seismogram,  and  the  beginning  of 
vertical  time  intervals  on  the  recording.  Each  time  interval 
is  of  1.0  millisecond  length  (0.001  second). 

Some  of  the  figures  show  one  of  the  difficulties  of 
analyzing  uphole  data  (Appendix  pages  G-3  and  G-5) , where  a 
late  arriving  wave  propagating  up  the  casing  gives  a false 
signal  (Appendix  page  G-3)  and  traffic  noise  near  surface 
interferes  with  clear  signal  arrival  (Appendix  page  G-5) . 

Amplitude  measurements  from  each  of  the  data  traces  were 
also  made  for  the  compressional  and  shear  waves  to  determine 
the  effect  of  the  various  propagation  paths  on  energy  attenua- 
tion. 


Measurements  were  taken  near  the  initial  part  of  the 
signal  to  avoid  contamination  by  mode  conversions  or  other 
interference.  Each  measurement  was  made  at  the  same  recorded 
instant  of  time  for  the  vertical  and  two  horizontal  components 
so  that  a vector  sum  amplitude  would  be  obtained  of  the  form; 

2 2 2 t 

A = (X^  + 


where  A is  the  vector  sum  amplitude. 

X is  the  zero  to  peak  amplitude  in  one 
horizontal  direction. 

Y is  the  zero  to  peak  amplitude  in  the 
other  horizontal  direction. 

Z is  the  zero  to  peak  amplitude  in  a 
vertical  direction. 


All  X,  Y,  and  Z measurements  were  corrected  for  system  gain 
settings  before  calculating  the  vector  sum  amplitude.  The 
system  was  not  amplitude  calibrated  prior  to  the  survey,  and 
the  amplitudes  are  represented  as  relative  comparisons,  and 
not  absolute  measurements  of  ground  disturbance  levels. 
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Calculations  were  performed  to  determine  Poisson's 
Ratio  (a)  and  Young's  Modulus  (E)  according  to  the  following 
relationships : 


CV  /V  1^-  2 
p^  s 

2 (V  /V  1 

p s 


g . 144 


Where  V and  V are  the  compressional  and  shear  wave 
p s ^ 

velocities  in  feet/second,  respectively,  y is  the  bulk  den- 

3 

sity  in  pounds/ft  , and  g is  the  gravitational  constant  C32.2 
2 

feet/second  ) . The  dividing  factor  of  144  is  used  to  convert 
2 2 

pounds/ft  to  pounds/inch  so  that  Young's  Modulus  is  expres- 
sed in  conventional  units  of  dimension. 

Appendix  H shows  the  measured  compressional  and  shear 
wave  velocities  with  calculated  Poisson's  Ratio  and  Young's 
Modulus  for  the  seven  test  series  of  crosshole  investigations. 


7. 6. 4. 8 Implementation  Considerations  - Because  of  the  nature 
of  this  project  (research)  and  because  of  the  nature  of  the 
local  environment  (urban  with  high  noise)  , several  procedures 
were  introduced  which  are  not  considered  normal  for  an  explo- 
ration program.  These  procedures  were  accomplished  to  test 
the  technique  under  worst-case  field  conditions  and  are  dis- 
cussed here. 

The  borehole  geophone  units  were  not  coupled  to  the  cas- 
ing, but  simply  allowed  to  rest  against  the  side  of  the  cas- 
ing. Coupling  the  geophone  unit  to  the  casing  can  improve 
the  quality  of  data  recorded,  if  the  casing  is  tightly  coupled 
to  the  borehole  wall.  Considering  that  the  wavelength  of 
body  waves  propagating  through  glacial  till  and  rock  is  very 
large  in  comparison  to  the  dimensions  of  the  borehole  and  that 
the  range  of  depths  investigated  in  this  case  is  below  the 
water  table,  significant  improvement  in  signal  quality  would 
not  be  expected  by  this  coupling. 
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A single  electric  blasting  cap  was  used  as  an  impulse 
source.  This  is  completely  adequate  and  convenient,  if  the 
subsurface  conditions  are  suitable.  This  investigation  was 
conducted  where  moderately  dense  to  dense  materials  were 
examined  below  the  water  table.  Coupling  of  the  energy  from 
detonation  of  the  cap  in  water  into  the  materials  surrounding 
the  shothole  is  very  efficient  under  these  conditions.  This 
effect  would  not  be  available  if  the  materials  were  dry  (or 
in  a dry  casing) , or  if  the  materials  were  low  density  soils 
or  deeply  weathered  rock  above  the  water  table. 

Noise  levels  from  the  heavy  street  traffic  above  the 
elevations  investigated  had  virtually  no  effect  on  data  col- 
lection. The  use  of  the  signal  enhancement  features  of  the 
equipment  was  unnecessary  under  the  existing  subsurface  con- 
ditions. This  effect  can  be  expected  where  a significant 
thickness  of  low  density,  discontinuous,  and  dry  material 
lies  bctv/een  the  street  level  and  the  zone  being  investigated, 
and  the  zone  being  investigated  is  in  more  dense  materials 
below  the  water  table.  This  upper  zone  significantly  atten- 
uated the  street  noise. 

For  the  "non-linear"  arrays,  no  effort  was  made  to  pro- 
tect the  geophone  cables  laid  across  concrete  pavement  of  the 
traffic  lanes  of  Massachusetts  Avenue.  This  was  a deliberate 
act  to  determine  whether  or  not  the  cable  could  withstand  such 
abuse  without  particular  care,  or  if  protection  would  be  nec- 
essary. Only  a single  conductor  was  damaged  during  2 days 
of  field  v7ork  under  heavy  traffic  conditions. 

A problem  encountered  at  the  shotpoint  is  the  coupling 
effect,  which  occurs  when  more  energy  is  coupled  into  less 
dense  materials  than  into  dense  materials  from  the  same  level 
of  impulse,  resulting  in  strong  attenuations  of  the  seis- 
mic signal.  Usually  this  problem  can  be  accommodated  by 
having  redundant  crosshole  series  and  multiple  shots  in  the 
test  program. 

Because  of  the  nature  of  the  local  stratigraphy  and  the 
elevation  of  the  water  table,  the  signal  enhancement  capabili- 
ties of  the  instrument  were  not  severely  tested.  In  order  to 
test  this  feature,  a seismic  refraction  survey  was  attempted. 
The  array  of  surface  geophones  was  laid  out  parallel  to  Massa- 
chusetts Avenue,  with  the  geophones  placed  between  the  con- 
crete curb  and  the  concrete  sidewalk.  A 10-pound  hammer,  with 
an  inertial  switch  to  initiate  the  time  sequence,  was  used  as 
an  energy  source.  During  this  operation,  the  street  traffic 
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was  extremely  heavy  and  a drilling  rig  was  operating  20  feet 
from  the  geophone  spread  (Figure  7-62.) 


FIGURE  7-62.  UTILIZING  SIGNAL  ENHANCEMENT  TECHNIQUES 
FOR  SURFACE  SEISMIC  REFRACTION  SURVEY 


The  enhancement  technique  enabled  the  operation  to  detect 
the  P wave  arrival  on  the  seismic  trace.  However,  the  energy 
was  not  sufficient  to  detect  the  till-bedrock  interface.  A 
larger  energy  source,  such  as  a mechanical  thumper,  would 
ensure  the  successful  completion  of  a refraction  survey  in  an 
urban  environment  when  using  the  signal  enhancement  technique. 


7. 6. 4. 9 Application  to  Tunneling  - Performance  of  seismic 
crosshole/uphole  surveys  in  busy  urban  environments,  where 
most  transit  tunneling  is  located,  has  often  been  viewed  as 
having  only  limited  potential  for  success.  The  limitation  is 
that  traffic  and  other  sources  of  high  level  ground  vibrations 
would  cause  ambient  ground  noise  high  enough  to  prevent  accu- 
rate signal  detection  and  signal  timing.  When  such  surveys 
were  considered  necessary  in  spite  of  the  possible  shortcom- 
ings , extraordinary  measures  were  planned  to  overcome  the 
noise  problems  (costly  surveys  taken  at  night  when  traffic 
would  be  at  a minimum,  large  energy  sources  to  provide  very 
strong  signals,  etc.). 
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FIGURE  7-63.  LIGHTWEIGHT  AND  PORTABLE 

SIGNAL  ENHANCEMENT  SEISMIC 
EQUIPMENT 


Signal  processing  techniques  offer  alternatives  to  this 
problem,  however,  and  these  have  recently  become  available  in 
recording  systems  that  are  small,  lightweight,  and  with  low 
enough  power  requirements  to  provide  the  versatility  needed 
for  application  in  engineering  surveys  (Figure  7-63) . Suffi- 
cient numbers  of  data  channels  are  included  with  these  systems 
so  that  multiple  positions  can  be  occupied  for  simultaneous 
recording.  This  makes  the  survey  results  more  efficient  to 
obtain  and  more  reliable  because  of  the  ability  to  collect 
redundant  readings . 

The  problem  of  using  blasting  agents  in  an  urban  environ- 
ment is  diminished  when  an  instrument  with  enhancement  capa- 
bilities is  used.  One  blasting  cap  provided  sufficient  en- 
ergy to  complete  a crosshole  array  with  a source-detector 
distance  of  150  feet. 
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The  borehole  seismic  techniques,  especially  the  cross- 
hole method,  provide  valuable  data  on  the  condition  of  subsur- 
face formations.  The  ability  to  discern  zones  of  poor  quality 
rock  is  demonstrated  and  indicated  on  the  geologic  profiles. 
This  information  is  invaluable  in  a tunnel  operation.  The 
seismic  method  may  expand  the  existing  borehole  information 
and  confirm  the  data  at  the  borehole  site. 


7.6.4.10  Cost  - The  seismic  borehole  survey  was  executed  with 
a third-party  contract.  The  total  cost  of  the  contract  was 
$10,000.00.  This  cost  included  all  equipment  rental,  the 
blasting  service,  personnel  cost  and  report  preparation. 

The  program  was  conducted  in  a series  of  18  boreholes. 

The  information  confirmed  borehole  data  and  provided  correla- 
tion between  boreholes.  Holes  must  be  drilled  to  accommodate 
the  seismic  energy  source  and  detectors.  However,  these  holes 
can  be  rapidly  drilled  at  a fraction  of  the  cost  of  comprehen- 
sive exploration  borings.  Additional  data  on  costs  are  con- 
tained in  Section  10. 


7.7  IN-SITU  TESTING 

Tests  conducted  on  soil  and  rock  formations  in  the  field 
(in-situ  testing)  provide  direct  measures  of  engineering  prop- 
erties without  the  concern  for  sample  disturbance  that  nor- 
mally accompanies  laboratory  testing.  Numerous  in-situ  tests 
applicable  to  the  determination  of  parameters  significant  to 
tunneling  have  been  developed  and  range  in  complexity  from 
the  standard  penetration  test  to  downhole  shear  tests  and 
large  scale  pumping  tests.  Table  7-4  summarizes  a number  of 
the  in-situ  testing  methods  and  the  engineering  parameters 
measured . 

Of  the  procedures  listed  in  Table  7-4,  the  study  included 
application  of  standard  penetration  testing,  piezometers,  and 
borehole  permeability  testing.  In  addition,  ground  water  ob- 
servation wells  were  installed,  and  water  pressure  tests  con- 
ducted in  the  rock.  Large  scale  pumping  tests  were  beyond  the 
scope  of  this  study;  however,  three  such  tests  were  completed 
during  the  design  of  this  tunnel.  Standard  penetration  test- 
ing and  penetration  testing  as  conducted  for  this  study  have 
been  discussed  earlier  in  this  section. 
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TABLE  7-4.  PARAMETERS  MEASURED  BY  VARIOUS  DIRECT  IN- 
SITU  TESTING  METHODS  SCHMIDT  (8-33) 
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7.7.1  Borehole  Permeability  Testing 


Two  Falling  Head  Permeability  tests  were  conducted  in 
the  fractured  bedrock  at  the  soil/rock  interface  in  accordance 
with  the  U.S.  Department  of  Navy  design  manual  NAVFAC  DM-7 
and  the  permeability  results  were  calculated  using  procedures 
established  by  Lambe  and  Whitman  (Lambe,  13-8).  The  results 
are  summarized  in  the  Subsurface  Exploration  Summary  for  ex- 
plorations TSC  8 and  TSC  10.  The  following  general  procedures 
were  used  in  conducting  the  Falling  Head  tests: 

a.  A 4-inch  diameter  flush  joint  steel  casing  was  ad- 
vanced to  the  top  of  the  bedrock  and  thoroughly  washed  out 
with  clean  water. 

b.  The  test  section  was  created  by  advancing  a 3-inch 
outside  diameter  rock  core  barrel  to  the  required  test  depth 
which  varied  from  3 feet  into  the  rock  surface  at  TSC  8 and 

8 feet  at  TSC  10. 

c.  The  casing  was  filled  to  the  top  with  fresh  water. 

d.  The  drop  in  the  water  level  in  the  casing  was  meas- 
ured and  recorded  at  specific  time  intervals. 

The  tests  were  conducted  as  Falling  Head  infiltration 
tests  as  opposed  to  Constant  Head  tests  (maintaining  constant 
water  level  and  recording  flow  rate)  or  drawdown  tests  (pump- 
ing out  the  casing  and  observing  the  rate  of  water  level  rise) . 
As  with  many  in-situ  tests,  the  test  is  subject  to  a number 
of  limitations  and  are  generally  considered  to  provide  a 
crude  estimate  of  permeability.  The  infiltration  test  is 
especially  susceptible  to  filter  skin  effects  caused  by  accu- 
mulation of  suspended  fines  on  the  walls  of  the  zone  being 
tested. 


7.7.2  Water  Pressure  Testing 

Four  Water  Pressure  Tests  were  conducted  in  the  bedrock 
unit  to  determine  the  capacity  of  the  in-situ  rock  mass  to 
transmit  water  through  voids  or  structural  discontinuities. 
Testing  and  evaluation  methods  presented  in  the  U.S.  Bureau 
of  Reclamation,  "Earth  Manual"  were  employed.  The  general 
testing  procedures  involved  pumping  water  into  a selected 
and  isolated  zone  within  the  bedrock  unit  through  a 1-inch 
Gamon-Calmet-*-'^^  water  meter  under  pressures  which  were  controlled 
by  an  Ashcroft  GD-1000™  pressure  gauge.  The  borehole  test  zone 
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was  isolated  using  a calibrated  Lynnes™  double  pneumatic 
packer  assembly.  The  volume  of  water  which  entered  the  rock 
unit  in  a given  amount  of  time  under  a known  pressure  was 
measured  using  the  water  meter  (Figure  7-64) . A schematic 
diagram  of  the  basic  field  equipment  setup  is  shown  in  Figure 
7-65. 


FIGURE  7-64.  WATER  PRESSURE  TEST 
SURFACE  EQUIPMENT 


Various  depths  within  two  different  boreholes  (TSC  7 and  TSC 
8)  were  selected  for  testing,  and  a 10-foot  packer  spacing  was 
selected  with  a variety  of  test  pressures  applied  within  a 
specific  zone.  The  spacing  of  the  pneumatic  packers  may  be 
varied  with  the  type  and  quality  of  the  rock  which,  in  turn, 
controls  the  selected  zone  of  testing. 
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FIGURE  7-65.  SCHEMATIC  DIAGRAM  OF  WATER  PRESSURE 
TEST  ASSEMBLY 


The  following  procedures  were  used  in  conducting  the 
water  pressure  tests  for  this  study: 

a.  The  double  pneumatic  packer  assembly  was  installed 

in  the  3-inch  diameter  rock  core  hole  and  an  assembly  friction 
test  was  conducted  to  determine  the  magnitude,  if  any,  of 
pressure  buildup  through  the  testing  apparatus. 

b.  Nitrogen  gas  inflation  of  the  packers  from  200  to 
300  psi,  depending  on  the  depth  of  the  test  and  the  quality 
of  the  rock. 

c.  Pumping  water  through  the  water  meter  into  the  test 
zone  at  selected  gauge  pressures  which  were  varied  from  30  to 
75  psi . ■ 
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The  time  rate  of  water  flow  into  the  isolated  test 
section  at  the  selected  gauge  pressure  was  recorded  from  5 
to  10  minutes,  depending  on  the  volume  of  water  which  entered 
the  rock.  This  step  was  usually  repeated  several  times  at 
varying  pressures  to  obtain  repeatable  data. 

e.  Deflating  the  packers  and  moving  the  assembly  to  the 
next  selected  test  section. 

The  calculated  permeabilities  expressed  in  centimeters 
per  second  is  recorded  on  the  applicable  Subsurface  Explora- 
tion Summary  sheets  (Appendix  C) . 

The  coefficient  of  permeability  (K)  calculated  from  the 
results  of  the  various  borehole  permeability  tests  gives  a 
gross  indication  of  overall  rock  mass  permeability.  Although 
the  test  sections  which  were  selected  were  in  areas  of  joint 
and  fracture  concentrations  and  believed  to  represent  the 
poorer  quality  rock,  it  was  not  possible  to  determine  the 
percentage  of  joints  which  were  "taking"  the  water  or  if  only 
one  major  joint  was  the  recipient. 

The  water  pressure  test  results  indicate  an  average  K = 
10  cm/sec  in  the  upper  weathered  and  fractured  bedrock  zone 
decreasing  to  K = 10“^  cm/sec  in  the  lower,  more  competent 
portions  of  the  rock  at  the  locations  tested.  The  Falling 
Head  permeability  tests  in  the  upper  bedrock  zone  obtained 
consistent  results  of  K = 10“5  cm/sec.  The  permeability  rate 
of  the  glacial  till  determined  by  laboratory  testing  was 
similar  to  the  upper  fractured  bedrock  with  a calculated 
average  K = 10”5  cm/sec  using  both  the  Falling  Head  and  Con- 
stant Head  testing  methods  (see  Section  7.8.3). 

The  Falling  Head  Permeability  testing  was  conducted  for 
this  study  on  an  hourly  price  basis  which  averaged  approxi- 
mately $60.00  per  test.  The  water  pressure  testing  was  con- 
ducted at  a unit  price  basis  of  $95.00  per  test.  (This  in- 
cluded the  various  pressure  modifications  within  each  test 
zone) . 


7.7.3  Observation  Wells  and  Piezometers 


The  determination  of  static  groundwater  levels,  piezo- 
metric heads  in  confined  aquifers  and  excess  pore  water 
pressures  in  various  subsurface  strata  is  important  to  the 
design  and  construction  of  any  major  underground  opening. 
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The  free  ground  water  level,  or  table,  is  considered  to  be 
normal  or  static  when  the  water  surface  is  at  equilibrium 
with  the  atmospheric  pressure  and  the  pore  water  pressure  in- 
creases linearly  with  depth  at  a rate  consistent  with  the 
unit  weight  of  the  pore  fluid.  Frequently,  varying  subsurface 
conditions  may  create  temporary  or  secondary  groundwater 
levels  or  hydrostatic  pressures  differing  from  static  condi- 
tions. These  non-static  groundwater  conditions  require  the 
installation  of  monitoring  equipment  at  varying  depths  to 
facilitate  long-term  observation  of  the  variations  in  the 
groundwater  levels  and  pressures.  In  addition,  observation 
wells  and  piezometers  provide  monitoring  stations  during  in- 
situ  pumping  tests  and  construction  dewatering  operations  for 
the  determination  of  flow  characteristics. 

Two  basic  types  of  groundwater  monitoring  devices,  obser- 
vation wells  and  piezometers,  were  installed  in  the  study 
area.  They  provide  a total  of  14  locations  for  observing  the 
groundwater  regime.  No  additional  explorations  were  required 
for  the  installation  of  the  observation  wells  and  piezometers. 
The  use  of  the  biodegradable  drilling  mud  "Revert"  and  the 
time  factor  allowed  before  installation,  permitted  installa- 
tion of  all  groundwater  monitoring  units  in  the  previously 
completed  boreholes. 

To  insure  borehole  stability  during  subsequent  geophy^si- 
cal  surveying,  each  borehole  was  stabilized  with  Cresline-'-^''^  2.5- 
inch,  Schedule  40,  flush  coupled  PVC  casing  (ASTM  D1786) . In 
order  to  utilize  existing  plastic  casing  and  to  minimize 
project  costs,  10-foot  sections  of  pre-slotted  "Hydrophilic"™ 
2.5  inch.  Schedule  40,  PVC  casing  (ASTM  D2120)  with  forty-six 
.015-inch  wide  slots  per  foot  were  selectively  installed  in 
the  casing  string  for  future  groundwater  observation  purposes. 

At  the  completion  of  the  borehole  geophysical  survey  work, 
the  boreholes  were  subsequently  grouted  to  the  base  of  the 
slotted  wellpoint  section,  backfilled  with  a sand  and  sealed 
at  the  ground  surface  in  a 3-inch  diameter  "Buf f alo"'-*-'^  roadway 
gate  box  for  future  monitoring  purposes.  Six  observation 
wells  were  installed  at  varying  depths  within  the  Holiday  Inn 
study  area. 

The  costs  associated  with  this  installation  method  were 
minimal.  The  solid  PVC  (1.65/ft)  was  required  for  geophysi- 
cal purposes  and  the  conversion  to  an  observation  well  in- 
stallation required  only  the  selective  substitution  of  the 
slotted  PVC  ($3. 20/ft). 
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Two  observation  wells  installed  during  the  design 
phases  of  the  Red  Line  Extension  also  provided  additional 
ground  water  monitoring  locations  in  the  site  area. 

Open  standpipe  piezometers  were  installed  in  the  site 
area  to  monitor  the  piezometric  pressures  in  the  relatively 
impermeable  galcial  tills  and  bedrock,  and  to  determine  the 
presence  of  excessive  hydrostatic  pressures  and  artesian 
conditions.  In  addition,  4 piezometers  installed  in  the 
overburden  and  bedrock  within  the  test  area  during  the  tun- 
nel design  stages  have  been  incorporated  into  the  ground 
water  monitoring  program  of  this  study. 

Two  additional  piezometers  were  installed  in  the  bed- 
rock to  monitor  joint  water  pressures  in  the  rock  units  and 
to  determine  the  hydraulic  connection  between  the  bedrock  and 
overburden  sediments.  A flow  type,  open  standpipe  pie- 
zometer was  constructed  with  a 1-3/8  inch  O.D.,  porous  tube, 
1.0  foot  in  length,  attached  to  a 3/4  inch.  Schedule  80, 
rigid  PVC  riser  pipe  (ASTM  D1785) . The  point  was  placed  on, 
and  encased  in,  a quartz  silica  sand  filter  material  refer- 
red to  as  "Ottawa"™  sand  which  extended  from  3 to  5 feet 
above  the  piezometer  point. 

An  impervious  seal  of  bentonite  pellets  was  placed  and 
compacted  from  2 to  3 feet  above  the  Ottawa  sand  filter 
material.  The  remaining  portions  of  the  bedrock  and  over- 
burden were  then  sealed  with  a lean  cement  grout  to  ground 
surface  or  to  the  bottom  section  of  the  observation  well. 

The  installation  details  of  the  piezometers  are  summarized 
in  the  applicable  Subsurface  Exploration  Summary  (Appendix 
C)  . 

The  purpose  of  the  ground  water  monitoring  devices  was 
to  establish  the  existing  ground  water  and  hydrostatic  pres- 
sure conditions  in  the  study  area.  These  monitoring  devices 
will  also  furnish  additional  and  valuable  information  during 
subsequent  dewatering  and  construction  activities  associated 
with  the  actual  Red  Line  tunnel  construction. 

Water  depth  determinations  for  each  observation  well  or 
piezometer  are  summarized  in  Section  9,  Table  1.  Observa- 
tions made  in  the  wells  and  piezometers  installed  for  this 
study  have  been  affected  by  pumping  of  construction  dewater- 
ing well  No.  DW5 . 

This  pumping,  which  was  associated  with  the  dewatering 
operations  for  the  Jarvis  Street  vent  shaft,  provided  addi- 
tional information  on  the  hydraulic  characteristics  of  the 
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site.  Ground  water  levels  and  the  definition  of  2 hydrau- 
lically independent  aquifers  have  been  defined  and  are  dis- 
cussed further  in  Section  9. 

The  costs  associated  with  the  installation  of  a study 
piezometer  to  100  feet,  computed  on  a time  and  materials 
basis,  is  approximately  $350  for  each  completed  installation. 


7.8  CLASSIFICATION  SYSTEMS  AND  LABORATORY  TESTING 

Although  laboratory  testing  of  soil  and  rock  is  not  an 
exploration  procedure,  the  test  results,  particularly  the 
classification  test  results,  are  so  closely  interfaced  with 
the  explorations  as  to  be  an  integral  part  of  them.  The  accu- 
rate classification  of  soils  and  rock,  using  a well-defined 
and  accepted  classification  system,  is  essential  to  any  sub- 
surface investigation.  Laboratory  data  provides  data  used 
to  classify  and  quantitatively  assess  the  engineering  proper- 
ties of  the  subsurface  geological  formations. 

Although  laboratory  testing  is  not  within  the  scope  of 
methods  to  be  studied,  for  completeness,  this  section  will 
briefly  describe  the  systems  adopted  for  classification  of 
soil  and  rock,  laboratory  classification  tests  conducted,  and 
tests  for  engineering  properties . 


7.8.1  Classification  Systems 

Overburden  samples  were  classified  using  the  Unified 
Soil  Classification  System  (Table  7-5) . A slightly  modified 
version  of  the  Burmeister  Classification  System  was  used  in 
preparing  the  descriptive  terminology  of  the  various  over- 
burden units  classified  on  the  Subsurface  Exploration  Sum- 
maries (Appendix  C) . 

A standard  engineering  classification  system  for  rock 
has  not  been  universally  accepted  by  the  geotechnical  engi- 
neering industry.  The  Colorado  School  of  Mines  quarterly 
"Classification  of  Rocks"  (Travis,  17-35)  is  the  accepted 
standard  for  geological  classifications.  The  American  Society 
of  Civil  Engineers  Manual  No.  56  (ASCE,  17-30)  which  incor- 
porates aspects  of  other  commonly  used  classification  systems 
(Deere,  17-15),  provides  the  basis  for  the  descriptions  of  the 
engineering  properties  of  the  rock.  The  details  of  the 
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project  classification  systems  are  summarized  in  Appendix 
A,  Legend  and  Notes. 

Several  similar  engineering  classification  systems 
for  rock  recently  developed  by  Europeans  are  becoming  in- 
creasingly popular  in  the  United  States  for  application  in  the 
field  of  rock  mechanics  (Bieniawski,  17-5)  (Barton,  17-3). 

The  laboratory  testing  program  was  implemented  to  assist 
in  the  classification  of  the  soil  and  rock  samples  recovered 
from  the  test  borings  and  to  provide  data  on  their  signifi- 
cant engineering  properties.  In  general,  laboratory  testing 
was  performed  in  accordance  with  applicable  ASTM  standards 
or  manufacturer's  procedures.  The  various  tests  and  pro- 
cedures are  summarized  hereinafter. 


7.8.2  Classification  Tests 


7. 8.2.1  Grain  Size  Analyses  - The  grain  size  distribution  of 
selected  and  representative  soil  samples  were  determined  in 
accordance  with  ASTM  Designation  D422-63  (1972) . Sixty-seven 
mechanical  sieve  analyses  and  61  hydrometer  analyses  were  con- 
ducted and  subsequently  used  to  modify  the  field  visual  classi- 
fications. Grain  size  distribution  curves  are  shown  graph- 
ically in  Appendix  J. 


7. 8. 2. 2  Atterberg  Limits  - The  Atterberg  limits  of  cohesive 
soils  were  determined  in  accordance  with  ASTM  Designation 
D423-66  and  D424-59  (1971) . Eleven  liquid  and  plastic  limit 
tests  were  conducted  on  the  selected  finer  portions  of  the 
glacial  till  materials.  The  Atterberg  limits  test  results 
are  summarized  in  the  applicable  Subsurface  Exploration  Sum- 
mary sheet  (Appendix  C) . 


7. 8. 2. 3  Moisture  Content  and  Unit  Weight  - The  determina- 
tions of  the  natural  water  content  and  total  unit  weight 
were  made  in  accordance  with  ASTM  Designation  D2216-71.  The 
total  sample  unit  weight  and  two  water  content  determinations 
were  conducted  on  the  glacial  till  recovered  in  a 3-inch  dia- 
meter thinwall  Pitcher  tube.  The  results  of  this  testing  is 
summarized  on  the  Subsurface  Exploration  Summary  for  test 
boring  TSC-10  (Appendix  C) . 
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7. 8. 2. 4 Petrographic  Analysis  - A petrographic  analysis 
consists  of  viewing  the  transparent  minerals  of  a thin  sec- 
tion of  rock  (0.03  iran  thick)  under  the  polarized  light  of  a 
specially  designed  microscope.  Optical  characteristics  of 
the  individual  minerals  making  up  a rock,  and  the  microscopic 
view  of  texture  and  structure  revealed  by  such  an  analysis, 
provide  more  accurate  and  detailed  information  about  the 
internal  structure  and  composition  of  the  rock.  The  optical 
procedures  used  consisted  of  viewing  a transparent  thin  sec- 
tion of  rock  on  a Vickers  M72C™  polarizing  microscope  with 
a rotating  stage  and  a monocular  viewing  head. 

Utilizing  various  petrographic  techniques,  the  major 
mineral  constituents  were  first  identified.  Further 
examination  determined:  a.)  secondary  minerals,  b.)  tex- 

ture, c.)  nature,  degree  and  product  of  alteration,  d.) 
cracks,  e.)  fractures  and  f.)  any  other  feature  of  signi- 
ficance . 

Four  thin  sections  of  various  rock  types  from  the  test 
section  were  analyzed  and  microphotographed . 

The  petrographic  analysis  for  each  of  these  thin  sec- 
tions identifying  rock  type,  composition,  texture  and  other 
features  of  significance  are  included  as  Appendix  E. 


7.8.3  Permeability  Tests  for  Engineering  Properties 

Laboratory  permeability  testing  is  a method  of  determin- 
ing the  rate  of  flow  of  water  through  a given  soil  unit. 
Depending  on  the  range  of  permeability  of  the  soil  being 
tested,  two  different  test  procedures  may  be  employed: 

a.  Constant  Head  Method  - Employing  ASTM  Designation 
D2434-68  test  procedures,  a representative  soil  sample  is 
compacted  in  a 1.4-inch  diameter  by  2.0-inch  long  cylindri- 
cal mold  known  as  the  Harvard  Miniature™  mold.  The  sample 
is  then  saturated  by  applying  a head  of  water  until  the 
inlet  and  outlet  flows  are  equalized.  The  flow  of  water 
through  the  sample  is  measured  and  the  permeability  K calcu- 
lated . 


b.  Falling  Head  Method  - This  method  of  permeability 
testing  is  performed  in  accordance  with  procedures  described 
in  "Soil  Testing  for  Engineers",  by  T.W.  Lambe  (1951).  The 
soil  sample  is  loosely  placed  in  a 2.0-inch  diameter  lucite 
mold  known  as  a permeameter.  The  sample  is  then  saturated 
and  all  air  removed  by  a vacuum  process.  A known  column  of 
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water  is  timed  as  it  flows  through,  the  soil  sample.  The 
length  of  the  soil  is  then  measured  and  the  permeability 
calculated.  The  soil  sample  is  then  densified  by  tapping 
the  mold  and  the  test  procedure  repeated  for  different  void 
ratios  Cor  lengths)  of  the  soil.  The  relationship  between 
the  void  ratio  and'permeability  coefficient  is  plotted  and 
is  graphically  shown  in  Appendix  I. 

Additional  and  more  detailed  laboratory  testing  con- 
ducted as  a part  of  the  various  design  stages  of  the  Red 
Line  Extension  is  incorporated  into  the  analysis  and  predic- 
tive phases  of  this  study. 
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8.  RESEARCHED  EXPLORATORY  TECHNIQUES 


8 . 1 GENERAL 

Several  new  and  rapidly  developing  methods  of  subsurface 
exploration  offer  potential  to  provide  useful  data  for  transit 
tunnel  design  and  construction.  Three  of  these  methods  of 
exploration  have  been  designated  for  literature  research  and 
review  and  are  discussed  in  this  section. 

The  methods  designated  for  literature  review  are; 

a.  Horizontal  Drilling 

b.  Thermometric  Surveys 

c.  Acoustic  Explorations 

Due  to  practical  limitations  on  the  scope  of  field  work 
included  in  this  study  and  the  compatibility  of  the  procedures 
with  the  particular  soil  and  rock  conditions  on  the  project, 
implementation  of  these  methods  on  a trial  basis  was  excluded 
from  the  program. 

The  following  sections  summarize  the  principles  of  these 
exploratory  methods  and  their  capabilities. 


8.2  HORIZONTAL  DRILLING 

The  lack  of  information  at  the  elevation  of  an  under- 
ground structure  increases  the  risk  and  cost  of  the  project. 
The  risk  is  directly  affected  by  this  lack  of  information 
while  the  cost  increases  due  to  overdesign  to  accommodate  the 
risk. 


A method  to  reduce  this  risk  is  direct  horizontal  pene- 
tration along  the  alignment  of  the  structure.  This  may  be 
accomplished  either  by  excavation  of  a pilot  tunnel  or  by  a 
program  of  horizontal  drilling. 

Pilot  tunneling  is  not  an  advanced  method  of  subsurface 
investigation.  The  high  cost  of  pilot  tunnels  ($225  to  $877 
per  foot)  compared  to  horizontal  drilling  with  a small  diam- 
eter bore  ($48  to  $89  per  foot)  makes  them  unacceptable  in 
all  but  rare  circumstances.  In  addition,  horizontal  drilling 
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has  other  advantages  over  pilot  tunneling,  including  a rela- 
tively high  rate  of  advance,  minimum  rock  disturbance,  minimal 
safety  and  environmental  problems,  and  providing  discrete 
points  where  the  investigation  can  be  terminated  at  a lower 
cost. 


Horizontal  drilling  is  suitable  as  an  exploration  tech- 
nique for  most  underground  construction  sites,  especially 
those  where  structures  will  be  deep  underground  and  limited 
accessibility  is  available  for  a drilling  set-up.  Tunnels 
are  a prime  example  of  this  type  of  project.  The  drilling  can 
be  accomplished  during  the  final  design  stage  and/or  during 
construction  when  the  location  of  gas  pockets,  water  under 
pressure  and  "bad"  rock  zones  is  of  paramount  importance. 
Horizontal  drilling  is  invaluable  at  a location  where  the  geo- 
logic structure  is  primarily  vertical,  the  structure  is  deep 
underground  or  the  ground  surface  is  covered  by  a thick  sec- 
tion of  overburden,  or  in  heavily  developed  urban  areas. 


8.2.1  Horizontal  Drilling  Methods 


Numerous  investigators  (Majtenyi  10-30)  , (Harding  10-18)  , 
(Ash  10-2) , (Paone  10-34) , have  determined  that  there  are 
presently  only  four  techniques  available  to  horizontal  drill- 
ing that  are  feasible  and  that  do  not  need  extensive  develop- 
ment work.  These  methods  are: 

a.  Diamond  wireline  core  drilling 

b.  Rotary  drilling 

c.  Down-hole  motor  drilling 

d.  Down-hole  percussion  drilling 


8. 2. 1.1  Diamond  Wireline  Drilling  - Diamond  wireline  drill- 
ing is  the  only  method  available  when  a continuous  core  is 
desired.  Core  bits  and  core  barrels  are  available  in  the 
size  range  AQ  (1.89")  to  PQ  (4.83").  However,  the  petro- 
leum industry  has  developed  diamond  wireline  bits  up  to  a 
diameter  of  12.25  inches  with  a 5.25-inch  core  that  could 
be  adapted  for  horizontal  drilling.  The  large  diameter 
hole  would,  if  necessary,  allow  the  hole  to  be  cased  through 
the  drill  string.  Most  surveying  equipment  and  geophysical 
equipment  will  fit  in  the  standard  size  holes;  however, 
the  Federal  Highway  Administration  (FHWA)  development  goal 
is  for  a 6.75-inch  hole  to  accommodate  newly  developed 
remote  sensing  equipment  (Harding,  10-18).  Presently,  that 
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size  horizontal  hole  can  only  be  produced  with  a rotary  drill- 
ing rig. 

Because  gyroscopic  surveying  tools  have  not  been  devel- 
oped for  use  in  horizontal  holes,  the  state-of-the-art  devices 
are  magnetic  and  must  be  separated  from  the  metal  drill  rods. 
The  wireline  feature  enables  the  surveying  or  geophysical 
tools  to  be  pumped  through  the  drill  string  and  into  the  open 
hole  (provided  a coring  bit  is  used)  without  removing  the  rods 
from  the  hole.  This  is  important  because  long  horizontal 
holes  must  be  surveyed  every  20  or  30  feet. 

The  presently  available  surface  drilling  rigs  are  torque- 
limited  rather  than  thrust-limited.  Theoretically,  the  spin- 
up  torque  limitation  (i.e.,  the  limit  where  the  rig  will  over- 
come the  friction  to  turn  the  drill  string)  is  about  10,000 
feet  for  a wireline  drill  rig  (Harding  10-18) . This  torque 
is  sufficient  to  satisfy  most  needs.  However,  a major  problem 
with  long  horizontal  drilling  is  that  the  drill  string  is  in 
compression  because  the  thrust  is  supplied  by  a rig  on  the 
surface.  This  thrusting  force  causes  the  drill  string  to 
bend,  with  hole  deviation  as  a result.  In  the  oil  drilling 
industry,  the  normal  force  on  the  drill  bit  is  provided  by 
heavy  drill  collars  behind  the  bit  so  the  drill  string  is 
actually  in  tension.  This  method  cannot  be  used  for  horizon- 
tal drilling.  Down-hole  thruster  drilling,  which  provides 
thrust  by  pushing  bearing  plates  against  the  borehole  wall, 
and  down-hole  percussion  drilling,  would  eliminate  this  prob- 
lem. Both  of  these  methods  are  in  the  development  stage  for 
horizontal  drilling  and  have  had  little  use  in  practical  ap- 
plication. Large  diameter  rods  help  to  alleviate  the  bending 
problem  because  the  stiffness  of  the  drill  rod  increases  as 
the  fourth  power  of  the  diameter  (Harding  10-18).  However, 
rod  diameter  is  limited  by  cost  and  by  the  size  of  the  hole 
desired.  In  diamond  wireline  drilling,  the  rod  and  bit  sizes 
are  usually  closely  matched.  The  close  match  in  size  reduces 
the  bending  tendency  because  of  the  small  annular  space  be- 
tween the  drill  rod  and  the  wall  hole. 


8.2. 1.2  Down-Hole  Percussion  Drilling  - Down-hole  percussion 
drilling  was  not  designed  for  horizontal  drilling.  Only  one 
program  is  known  (Jacobs  Associates)  for  which  this  technique 
was  used  to  accomplish  horizontal  drilling  (Harding  10-18) . 
Based  on  that  program,  the  technique  is  suitable  for  horizon- 
tal penetrations  up  to  1,000  feet,  with  hole  diameters  of  4 
to  6 inches.  The  presence  of  ground  water  severely  limits  the 
effectiveness  of  the  percussion  technique.  The  efficiency  of 
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the  method  is  also  considerably  reduced  by  the  presence  of 
soft  material,  such  as  clays  or  fault  gouge.  The  Jacobs  pro- 
gram used  a modified  diamond  drilling  rig  which  could  be 
rapidly  changed  from  percussion  drilling  to  diamond  coring  for 
sampling.  A unique  rod  handling  and  storage  device  was  used 
in  this  program.  One  thousand  feet  of  rod  can  be  removed 
from  the  hole  and  stored  at  rates  up  to  200  feet  per  minute. 
The  rod  storage  method  cannot  be  used  in  a confined  space. 
During  the  Jacobs  program,  no  attempt  was  made  to  guide  the 
drill  string  which  apparently  is  a major  problem  with  down- 
hole percussion  drilling. 


8. 2. 1.3  Down-Hole  Motor  Drilling  - The  down-hole  motor  is  a 
positive  displacement  mud  motor  and  is  essentially  a multi- 
stage Moyno™  pump  used  in  a reverse  application.  When  fluid 
is  pumped  under  pressure  into  the  motor,  it  is  directed  down- 
ward through  the  void  areas  between  the  rotor  and  the  stator. 

In  order  for  flow  to  occur,  the  rotor  is  displaced  and  turned 
within  the  stator  by  the  pressure  of  the  fluid  column,  thus 
powering  the  connecting  rod,  a hollow  drive  shaft,  and  finally 
a conventional  bit  sub  at  the  end  of  the  tool. 

The  paramount  characteristic  of  this  method  is  that  the 
bit  is  driven  without  drill  pipe  rotation.  This  fact  reduces 
pipe  wear,  increases  penetration  rates  and  controls  deviation 
tendencies.  The  down-hole  motor  is  the  only  device  capable 
of  surface-sensing  what  is  happening  at  the  bottom  of  the 
hole.  This  is  possible  because  drilling  torque  is  directly 
proportional  to  pressure  differential  in  a positive  displace- 
ment system.  Since  there  is  no  drill  pipe  friction  to  dis- 
tort readings,  the  mud  pressure  gauge  can  be  used  as  an  accu- 
rate weight  and  torque  indicator.  The  instant  the  motor 
experiences  a load  change,  the  pressure  gauge  reflects  a pro- 
portional change  (Dyna-Drill  10-12) . 

TM  . 

The  Dyna-Drill  is  the  only  down-hole  motor  that  has  a 
proven  capability  in  horizontal  drilling.  The  Dyna-Drill  is 
a non-coring  device;  however,  it  may  be  possible  to  modify 
the  machine  to  accommodate  a short  core  barrel  for  sampling. 

The  Dyna-Drill  can  be  used  to  correct  hole  deviation  but  the 
drill  string  must  be  pulled  to  add  the  bent  sub  assembly  and 
then  pulled  again  before  straight-line  horizontal  drilling 
could  continue.  Therefore,  the  Dyna-Drill  system  would  not  be  a 
timesaving  device  compared  to  other  horizontal  drilling  methods. 
Long  distance  horizontal  drilling  with  a down-hole  motor  has 
been  limited.  More  experience,  in  a variety  of  geological 
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environments,  is  needed  before  the  technique  can  be  considered 
a reliable  alternative. 


8. 2. 1.4  Rotary  Drilling  - Rotary  drilling  rigs  using  rolling 
cutter  bits  have  been  used  more  than  any  other  method  to  drill 
longer  horizontal  holes.  Horizontal  rotary  drilling  in 
the  United  States  has  been  limited  to  soft  (coal)  and  very 
soft  materials. 

Small  diameter  rolling  cutter  bits  are  not  capable  of 
penetrating  very  hard  "granitic"  type  rocks.  The  small  bear- 
ings cannot  survive  the  high  thrust  loads  needed  to  overcome 
the  rock's  compressive  strength.  Therefore,  the  smallest 
size  practical  for  drilling  hard  rock  is  probably  6.75  inches 
(Harding  10-18) . Presently,  heavy  duty  diamond  drilling  rigs 
or  custom-built  rotary  rigs  are  used  for  most  horizontal 
applications.  As  with  diamond  wireline  core  drilling,  rotary 
drilling  has  the  problem  of  the  drill  string  being  in  compres- 
sion rather  than  tension.  The  severity  of  this  problem  is 
increased  for  rotary  drilling  because  the  rotary  drill  bits 
require  higher  thrust  for  penetration  rates  equal  to  diamond 
wireline  rigs  and  because  there  is  usually  a larger  space 
between  the  hole  wall  and  the  drill  rods.  The  larger  annulus 
allows  greater  drill  rod  bending  and  increases  the  problem  of 
hole  deviation.  Numerous  devices  have  been  developed  to  con- 
trol the  deviation  with  varying  degrees  of  success.  The 
devices  include  drill  rod  centralizers,  square  drill  collars, 
and  a newly-developed  wireless  telemetry  system  which  gives 
"real  time"  survey  data  so  adjustments  in  thrust  and  bit  rota- 
tion speed  can  be  made  as  required  (Ash  10-2)  . 

Maintaining  hole  stability  and  surveying  the  boring  are 
problems  with  the  rotary  method.  A wireline  device  was  used 
to  carry  the  surveying  instrument  on  the  Seikan  Tunnel  proj- 
ect. Grouting  is  used  to  maintain  the  hole  integrity.  One 
2,600-foot  hole  on  the  Seikan  Tunnel  project  was  grouted  61 
times  with  the  number  of  grouting  shifts  being  twice  the  num- 
ber of  drilling  shifts  (Harding  10-18) . 


8.2.2  Past  Experience  in  Horizontal  Drilling 

The  Koken  FS400,  a rotary  rig  especially  designed  for 
horizontal  drilling,  has  penetrated  to  4,300  feet  in  soft 
volcanic  rocks  on  the  Seikan  Tunnel  project  in  Japan.  The  Dyna- 
Drill*^^^  down-hole  motor  was  used  on  this  project  to  control 
hole  deviation  at  a distance  of  almost  4,000  feet.  Other 
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work  includes:  Ca)  Two  exploratory  holes  were  done  for  a tun- 

nel on  the  Pennsylvania  Turnpike  in  1955.  These  holes  were 
drilled  using  the  conventional  diamond  core  method  (not 
wireline)  and  were  1,700  feet  and  1,800  feet  long.  Direction- 
al control  was  reported  as  fair  to  good.  (b)  Longyear  Drill- 
ing and  their  subsidiaries  in  Canada  and  South  Africa  have 
drilled  several  horizontal  exploratory  holes  almost  4,000  feet 
long  using  the  diamond  wireline  method.  A number  of  other 
horizontal  holes  have  been  drilled  more  than  1,000  feet  includ- 
ing one  of  aboul;^  3,7  00  feet  at  the  Mercury,  Nevada  test  site. 
The  Longyear  44-^^’^  drilling  rig  was  used  for  several  of  these 
borings  and  the  manufacturer  believes  that  this  unit  has  the 
capability  to  drill  horizontally  to  as  much  as  5,000  feet  in 
competent  materials  (Harding  10-18).  (c)  A 1,000  foot  hori- 

zontal hole  for  the  Straight  Creek  Tunnel  project  in  Colorado 
used  the  wireline  coring  method.  Directional  control  was  con- 
sidered fair  to  good  (Dowding  10-11).  (d)  Jacobs  Associates, 

in  1972,  under  contract  to  the  Advanced  Research  Projects 
Agency,  drilled  a 4-inch  diameter  hole  862  feet  long  using  a 
down-hole  percussion  drill.  They  used  a new  drill  rod  han- 
dling method  that  allowed  them  to  pull  1,000  feet  of  rod  at 
rates  up  to  200  feet  per  minute.  There  were  no  specific  hole 
guidance  requirements  and  directional  control  was  apparently 
poor . 


8. 2. 2.1  U.S.  Bureau  of  Mines  - The  U.S.  Bureau  of  Mines  has 
extensive  experience  with  drilling  long  horizontal  holes.  In 
1942,  they  drilled  two  long  horizontal  holes  in  the  oil-bear- 
ing sandstones  of  Pennsylvania.  The  holes  were  2,334  feet 
long  and  2,255  feet  long  and  were  drilled  using  conventional 
diamond  coring  (the  wireline  method  had  not  yet  been  devel- 
oped) . Directional  control  was  poor.  In  1969-70,  numerous 
horizontal  holes  were  drilled  in  coal  beds  for  methane  relief. 
The  longest  was  503  feet.  These  holes  were  drilled  using 
rotary  drill  rigs  and  drag  bits.  In  1972,  several  holes  were 
drilled  in  coal  beds;  the  longest  was  850  feet,  using  a rotary 
drill  rig.  Directional  control  was  good  to  very  good.  The 
Bureau  of  Mines,  in  1972-73,  with  Fenix  and  Scisson,  Inc., 
drilled  two  long  horizontal  holes.  The  first  hole  was  drilled 
a length  of  1,100  feet  using  a rotary  drill  rig  and  a roller 
bit.  The  latest  techniques  were  used,  including  a cableless 
telemetry  system  for  which  the  drill  rod  is  the  conductor  to 
send  the  down-hole  information  to  the  surface.  Directional 
control  was  excellent.  The  second  hole  was  drilled  to  a dis- 
tance of  1,730  feet  using  the  Dyna-Drill™  , a positive  dis- 
placement mud  motor.  The  hole  was  started  on  the  surface  and 
drilled  1,320  feet  on  a curved  trajectory  to  intersect  a 
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7-foot  thick  coal  bed.  The  hole  was  continued  within  the  coal 
bed  horizontally  for  another  410  feet.  The  directional  con- 
trol was  good  to  excellent. 


8. 2. 2. 2 Federal  Highway  Administration  - The  Federal  High- 
way Administration  has  authorized  several  studies  (Harding 
10-18) , (Ash  10-2) , to  determine  the  state-of-the-art  of  hori- 
zontal drilling.  Much  of  this  report  has  been  drawn  from 
these  sources.  The  reports  were  also  used  to  help  determine 
the  potential  for  development  in  the  areas  of  horizontal  pene- 
tration capability,  hole  guidance  and  other  factors  that 
affect  the  economics  of  a long  horizontal  drilling  program. 

The  FHWA  goal  is  to  have  the  technology  to  drill  a long, 
small-diameter,  horizontal  hole  in  a variety  of  different 
materials,  including  soft  to  hard  rock  and  gouge,  and  with  a 
hole  size  range  of  2 to  24  inches.  The  technology  should 
also  be  able  to  produce  a hole  3 miles  long  that  would 
remain  open  for  at  least  a year  without  metallic  casing  and 
be  a large  enough  diameter  to  accept  the  remote  sensing  sondes 
being  contemplated  (a  minimum  hole  diameter  of  6.75  inches 
would  be  needed  to  accept  thse  sondes) . The  accuracy  of  hole 
location  required  is  ±30  feet  in  3 miles  or  a target  60  feet 
in  diameter,  at  that  distance  (Harding  10-18) . 


8.2.3  Use  and  Limitations  of  the  Horizontal  Drilling  System 

The  diamond  wireline  core  drilling  technique  is  in  a more 
advanced  development  stage  than  the  other  horizontal  drilling 
methods  considered.  This  system  can  be  used  to  core  any 
material,  and  using  a triple  tube  core  barrel,  even  samples  of 
soft  materials  can  be  recovered.  Holes  as  much  as  4,000  feet 
long  have  been  drilled.  The  wireline  method  has  the  best 
record  of  those  considered  for  hole  guidance.  The  diamond 
wireline  core  is  the  only  method  available  to  collect  con- 
tinuous core  samples.  The  wireline  method  has  the  further 
advantage  of  permitting  survey  equipment  or  geophysical 
sondes  to  be  pumped  out  into  the  hole  through  the  core  bit, 
thereby  reducing  the  need  for  rod  handling. 

The  rotary  drilling  method,  using  the  proper  rolling 
cutter  or  button  bits,  is  capable  of  drilling  any  type  forma- 
tions encountered.  However,  the  major  advances  in  rotary 
drilling  were  made  for  the  oil  well  drilling  industry  and  are 
not  directly  applicable  to  horizontal  drilling  without  engi- 
neering design  changes.  These  changes  would,  generally,  be 
custom  orders,  and  thus  expensive. 
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The  Koken  FS4  00'^^''^  drill  rig  used  to  drill  the  longest  hori- 
zontal hole  to  date  (5,300  feet  on  the  Seikan  Tunnel  project) 
is  just  such  a custom  rig.  Guidance  of  the  drill  fait  is  more 
difficult  with  a rotary  rig.  Also,  the  drill  string  must  be 
pulled  to  take  core  samples  or  to  use  geophysical  or  surveying 
sondes  outside  the  casing.  Safety  of  the  sonde  entails  a 
stabilized  hole  and  for  that,  a grouting  program  may  be  needed 
which  could  be  extensive  and  expensive. 

The  down-hole  motor  drill  has  proven  itself  for  short, 
shallow  holes,  especially  guided  holes  with  a curved  trajec- 
tory. There  are  few  examples  of  the  method  being  used  to 
drill  long  horizontal  holes.  The  two  examples  given  are 
exceptional . 

Many  maintenance  problems  are  associated  with  operation 
of  the  down-hole  motor.  Drilling  cuttings  may  have  a tendency 
to  settle  out  of  the  drill  mud  in  a horizontal  hole  because 
the  drill  rods  are  not  rotating.  There  certainly  is  a poten- 
tial, with  proper  development  effort,  for  this  type  of  device 
in  horizontal  drilling,  especially  if  it  could  be  combined 
with  a down-hole  thruster. 

The  down-hole  percussion  drill  has  limited  use  in  hori- 
zontal drilling  for  long  holes.  No  core  is  available  with 
this  method.  The  one  example  of  a relatively  long  hole  had 
no  guidance  control.  The  percussion  drill  operates  best  when 
drilling  hard  to  very  hard  rock  and  its  performance  is  poor 
in  softer  materials,  including  gouge.  The  presence  of  water 
in  the  borehole  also  limits  the  performance  of  the  down-hole 
percussion  drilling  method. 

Figure  8-1  shows  the  typical  penetration  capability  of 
the  various  systems  considered.  It  can  be  seen  that  hole  diam- 
eter of  the  diamond  wireline  system  is  limited  to  the  HQ  size. 
Diamond  bits  are  available  in  diameters  up  to  the  limit  of  the 
rotary  drilling  shown  but  they  have  not  been  modified  nor  has 
support  equipment  been  developed  for  use  in  horizontal  wire- 
line  applications. 

The  diamond  wireline  core  drilling  system  and  the  rotary 
drilling  system  are  the  only  methods  that  can  be  considered 
applicable  for  long  distance  horizontal  drilling.  Both  sys- 
tems must  use  the  most  rigid  drill  pipe  available  to  control 
rod  bending.  The  drilling  equipment  must  be  instrumented  so 
that  pump  pressure,  thrust  pressure  and  the  drill  RPM  are 
continuously  monitored.  Various  stabilization  techniques  and 
tools  are  necessary  to  help  control  hole  deviation.  The  hole 
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FIGURE  8-1.  TYPICAL  HORIZONTAL  PENETRATION 
CAPABILITY  HARDING  (10-18) 


initially  must  be  surveyed  every  20  or  30  feet.  The  interval 
between  surveys  can  probably  be  extended  to  50  or  100  feet 
with  a return  to  shorter  intervals,  if  needed.  Because  of 
the  frequency  of  surveying,  a multi-shot  survey  device  is 
required.  Magnetic  devices  are  the  least  expensive.  Gyro- 
scopic devices,  if  developed  and  custom-built  for  horizontal 
drill  holes,  are  likely  to  cost  on  the  order  of  twenty  times 
as  much  as  the  magnetic  devices  but  will  be  an  order  of  magni- 
tude more  accurate, (Harding,  10-18)  an  important  considera- 
tion for  very  long  drill  holes.  The  wireless  telemetry  de- 
vice, newly  developed  and  field  tested, (Ash,  10-2)  is  cer- 
tainly the  survey  system  of  the  future.  In  the  continuous 
telemetry  system,  the  exact  location  of  the  drill  bit  is 
transmitted  through  the  drill  rods  to  a printer  at  the  sur- 
face. 


An  experienced,  highly-skilled  drilling  crew  is  essential 
in  a horizontal  drilling  operation.  The  problems  associated 
with  this  method  and  the  cost  of  the  program  can  be  multi- 
plied by  an  inexperienced  crew.  Drill  crew  experience  is  a 
real  concern  because  the  low  demand  for  horizontal  drilling 
does  not  permit  a crew  to  work  exclusively  or  extensively  in 
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the  field.  This  lack  of  demand  is  the  principal  reason  that 
horizontal  drilling  is  so  expensive.  An  increase  in  demand 
would  encourage  drilling  equipment  manufacturers  to  develop 
the  equipment  needed  to  overcome  present  problems  and  to  make 
the  technique  economically  comparable  to  vertical  drilling. 

The  best  use  of  the  data  obtained,  using  the  horizontal 
drilling  method,  is  to  evaluate  the  geologic  conditions  along 
the  proposed  excavation  corridor.  The  investigation  is  plan- 
ned to  locate  zones  of  high  water  pressure,  gas  accumulations 
and  "bad"  rock  zones  such  as  swelling  or  squeezing  ground, 
shear  zones  or  faults  with  attendant  gouge.  When  the  condi- 
tions have  been  defined,  design  of  the  required  support  sys- 
tems can  be  made.  It  is  recognized  that  the  diameter  of  a 
borehole  is  small  relative  to  the  tunnel  diameter  and  varia- 
tion in  rock  quality  is  likely  to  exist  within  the  tunnel. 

The  use  of  various  borehole  geophysical  (remote  sensing) 
methods  to  evaluate  the  rock  properties  outside  the  perimeter 
of  the  borehole,  may  extend  the  information  limit  throughout 
the  entire  zone  of  tunneling.  Various  geophysical  methods 
available  are  described  in  the  following  paragraphs. 


8.2.4  Borehole  Geophysical  Methods 

This  discussion  is  limited  to  those  methods  which  can  be 
accomplished  using  a self-contained  borehole  sonde  which  can 
be  pumped  or  otherwise  placed  in  the  horizontal  borehole  and 
retrieved  by  a wireline.  The  sonde  may  require  redesign  for 
use  in  horizontal  holes.  Table  7-3  in  Section  7 lists  various 
logging  techniques  and  the  kinds  of  information  they  can  pro- 
duce. The  broad  classifications  are  described  below.  A de- 
tailed discussion  of  the  geophysical  methods  can  be  found  in 
Section  7. 

The  electrical  logs  yield  information  on  the  resistivity 
of  the  formation,  relative  porosity,  identification  of  litho- 
logic boundaries,  salinity,  water  zones  and  sometimes  the  dip 
of  the  beds.  These  methods  require  a fluid-filled  open  hole. 

The  acoustical  logs  yield  information  on  the  porosity, 
permeability.  Young's  .'lodulus.  Shear  Modulus,  Poisson's  Ratio, 
lithology,  geologic  boundaries,  rock  mechanics  and  relation- 
ships to  ultimate  strength  of  the  rock  mass.  These  logs  can- 
not be  run  inside  steel  casing. 

The  mechanical  logs  measure  variations  in  borehole  size, 
the  locations  and  general  geometry  of  caving  zones,  and  the 
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alignment  and  location  of  the  borehole  path.  These  tools 
may  be  run  in  an  open  or  uncased  hole. 

Other  borehole  logging  or  testing  methods  that  do  not 
fall  into  these  general  categories  are  available  and  are 
enumerated  in  the  figure. 

The  logging  techniques  will  give  information  to  a limited 
distance  outside  the  borehole.  Techniques  are  being  developed 
which  are  planned  to  extend  the  logging  sensitivity  to  perhaps 
50  feet,  which  would  exceed  most  tunnel  radii  (SWRI  1-25)  . 


8.2.5  Conclusions 


The  technique  of  using  long,  small-diameter  horizontal 
borings  to  explore  a tunnel  alignment  is  available.  Diamond 
wireline  core  boring  is  in  a more  advanced  development  stage 
than  the  other  horizontal  drilling  methods  considered.  The 
rotary  method,  using  rolling  cutter  bits,  has  been  used  to 
drill  the  longest,  small-diameter  horizontal  hole  to  date. 
However,  a specially  built  rig  was  used  in  that  effort. 

Some  of  the  difficulties  with  drilling  long  horizontal 
holes  are  direction  control,  penetration  rates,  lack  of  exper- 
ienced drillers,  and  lack  of  equipment  designed  for  use  in 
drilling,  sampling  or  logging  horizontal  holes.  On  a per-foot 
basis,  horizontal  drilling  is  less  expensive  than  other 
methods  of  direct  horizontal  penetration.  However,  the  pres- 
ent state-of-the-art  is  not  developed  to  the  point  where  the 
equipment  is  economical  and  the  procedures  efficient  enough 
to  employ  in  ordinary  transit  tunneling. 

A major  conclusion  from  these  studies  is  that  long  hori- 
zontal drilling  is  expensive  because  of  the  low  demand  for  the 
method.  The  vertical  and  directional  drilling  demand  which  was 
at  30,000  holes  and  $3.4  billion  in  1974  may  be  compared  to 
horizontal  drilling  for  which  demand  was  too  low  to  document 
(Harding,  10-18) . Clearly,  the  high  demand  led  to  the  numer- 
ous technological  developments  in  the  vertical  drilling  indus- 
try. The  same  continuous,  long-term  demand  will  be  necessary 
before  manufacturers  will  spend  development  money  in  the 
horizontal  drilling  field. 
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8 . 3 THERMOMETRIC  SURVEYS 


Thermometric  or  geothermic  surveying  is  a geophysical  log 
that  continuously  records  the  depth  versus  temperature  or 
temperature  gradient  in  borehole  fluids.  The  borehole  fluid 
temperature  is  affected  by  natural  ground  temperatures.  The 
rate  that  the  natural  heat  is  conducted  to  the  fluid  is  influ- 
enced by  the  thermal  conductivity  of  the  subsurface  materials. 
The  thermal  conductivity  will  vary  with  different  soil  and 
rock  types,  depending  in  part  on  composition  and  degree  of 
consolidation.  The  borehole  fluid  temperature  will  also  be 
influenced  by  fluid  inflow.  Inflow  of  relatively  warm  or 
relatively  cold  ground  water  through  a fissured  or  water-bear- 
ing formation  will  cause  a localized  zone  of  anomalous  tem- 
perature in  the  borehole  fluid.  In  addition  to  locating  zones 
of  ground  water  flow  and  formation  boundaries,  temperature  logs 
have  reportedly  been  used  for  the  following  purposes:  to 

locate  abnormal  radioactivity  and  oxidation  regions  (Telford, 
7-15) ; detect  cavities  and  locate  gas  flows  (Hvorslev,  8-17) ; 
trace  migration  of  ground  water,  evaluate  adequacy  of  grout- 
ing and  quality  of  water  and  corrosion  potential  (GWM, 

11-10) ; help  in  the  interpretation  of  resistivity  and  spon- 
taneous potential  logs  (Davis,  11-16);  indicate  "uncomfort- 
able" ground  temperatures,  and  locate  fresh  cement  behind 
casing  (Ash,  10-2) ; and  determine  the  extent  of  hydraulic 
fracturing,  and  detect  high  water  pressure  zones  (LeRoy, 

7-11) . 


8.3.1  Survey  Equipment  and  Procedures 

Temperatures  in  a borehole  are  determined  with  a resistor 
that  is  very  sensitive  to  variation  in  temperature.  The  elec- 
trical circuit  is  calibrated  to  correlate  variations  in  resis- 
tance with  temperature  variations.  The  calibrated  resistance 
changes  are  recorded  on  a chart  at  the  surface,  typically 
at  scales  of  1,  2 or  5 degrees  Fahrenheit  per  inch  (Ash, 

10-2) . Controls  are  required  for  zero-positioning  and  for 
sensitivity  or  span  (Keys,  1-15).  Temperatures  are  measured 
to  an  absolute  accuracy  of  0.1°F  (0.05°C)  and  to  a precision 
of  0.01°F  (0.005°C).  Additionally,  differential  temperatures 
(or  temperature  gradients)  may  be  measured  by  2 sensors  at 
close  spacing  or  by  1 sensor  and  an  electronic  memory  (Keys, 
1-15) , or  by  1 sensor  and  magnetic  tape  (for  later  process- 
ing) (Ash,  10-2).  When  measuring  differential  temperatures, 
the  recorder  response  is  set  at  zero  for  some  reference  grad- 
ient. Deviations  from  the  reference  gradient  indicate 
anomalous  heating  or  cooling.  Temperature  logs  are  frequently 
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made  at  the  same  time  as  electrical  logs  (GWM,  11-10) . The 
size  of  crew  required  is  one  or  two,  and  the  time  required 
to  log  a 500-foot  hole  is  about  45  minutes  (Ash,  10-2)  . 


8.3.2  Illustrative  Applications 

Figure  8-2  is  a schematic  diagram  of  temperature  logs  in 
boreholes  with  (a)  a recently  cemented  zone,  and  (b)  a gas 
leak.  The  cemented  zone  shows  a high  temperature  anomaly 
caused  by  heat  from  hydration,  while  the  zone  of  gas  shows  a 
low-temperature  anomaly  caused  by  expansion  and  cooling  of 
the  gas  as  it  enters  the  well. 
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Figure  8-3  shows  the  effect  on  the  temperature  in  an 
auger  hole  immediately  adjacent  to  a well  being  artificially 
recharged  with  warm  water.  The  zone  of  flow  corresponds  to 
the  sand  layer  as  indicated  by  the  natural-gamma  log. 

Figure  8-4  shows  logs  of  absolute  temperature  and  differ- 
ential temperature  in  a deep  well.  The  differential  tempera- 
ture log  shows  higher  sensitivity  than  the  absolute  tempera- 
ture log. 
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8.3.3  Implementation  Considerations 


Temperature  measurements  in  recently  completed  borings 
are  not  indicative  of  the  original  temperatures  at  that  loca- 
tion. During  drilling,  where  the  circulation  of  drilling 
fluids  is  through  the  drillpipe  with  return  in  the  annulus, 
the  bottom  of  the  borehole  is  being  cooled  while  the  upper 
section  is  being  heated  (LeRoy,  7-11) . After  drilling  is 
stopped,  the  formations  will  exchange  heat  with  the  borehole 
fluid  at  different  rates  according  to  their  corresponding 
thermal  conductivities.  The  resulting  anomalies  are  generally 
most  pronounced  24  to  36  hours  after  circulation  ceases 
(Horslev,  8-17).  To  achieve  equilibrium,  however,  up  to 

several  years  may  be  required  (Keys,  1-15). 

Although  Figure  8-4  shows  a log  with  good  repeatability, 
many  times  borehole  fluids  are  significantly  disturbed  by  log- 
ging instruments.  In  fact,  the  differential  temperature  log 
from  a 2-sensor  probe  may  be  in  error  because  the  fluid  has 
been  disturbed  at  the  location  of  the  upper  sensor.  Tempera- 
ture and  resistivity  probes  should  be  run  down  the  hole  before 
other  probes  are  used.  Temperature  and  resistivity  are  pref- 
erably measured  with  a single  probe  that  makes  simultaneous 
logs  (Keys,  1-15). 

Each  log  should  have  field  standardized  values  to  mini- 
mize the  effects  of  electronic  drift  caused  by  self-heating 
and  environmental  temperatures.  Thermistors  are  normally 
supplied  with  calibration  data  showing  resistance  as  a func- 
tion of  temperature.  Field  standardization  can  be  accom- 
plished by  substituting  the  thermistor  with  a resistance- 
decade  box  to  check  the  response  of  the  entire  system  and  to 
place  standardized  values  on  each  log. 


8.3.4  Possible  Red  Line  Project  Applications 

Temperature  logging  was  not  used  in  the  Red  Line  investi- 
gation program  or  the  TSC  field  evaluation  program.  However, 
this  logging  method  might  have  been  used  to  determine  possible 
zones  of  water  inflow  at  tunnel  elevations;  that  is,  whether 
water  inflow  might  occur  in  the  glacial  till,  the  upper  zone 
of  bedrock,  the  till/bedrock  interface,  or  throughout  the 
bedrock.  In  addition,  temperature  logs  may  have  indicated 
the  degree  of  (or  lack  of)  hydraulic  connection  between  the 
outwash  sand  aquifer  and  the  till/bedrock  aquifer  at  various 
locations  along  the  alignment.  Assuming  the  2 aquifers  have 
water  at  different  temperatures,  the  logs  could  indicate  the 
extent  of  mixing. 
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8.3.5  Cost 


The  "direct  cost"  of  a temperature  log  is  $300  to  $400 
for  a 500-foot  hole  when  conducted  in  association  with  other 
borehole  logging  methods  CAsh,  10-2) 


8 . 4 ACOUSTIC  EXPLORATIONS 

The  application  of  acoustics  for  geotechnical  engineer- 
ing purposes  is  a relatively  new  but  rapidly  expanding  tech- 
nology. Acoustic  methods  currently  available  utilize  various 
principles  and  techniques  varying  from  active  borehole  scan- 
ning to  passive  acoustic  emission  monitoring.  This  section 
will  briefly  review  the  various  techniques  in  the  industry 
currently  available  or  in  the  development  stage. 

Although  there  is  some  overlap  and  confusion  between  the 
terminology  "acoustic"  and  "seismic",  acoustics  as  used  in 
this  report  is  defined  as  the  measurement  of  sound  waves  in, 
or  above  the  audio  range,  while  seismic  waves  are  below  the 
audio  range  (Kinsler,  5-21) . 

The  numerous  acoustical  methods  and  techniques  (which 
range  from  the  operational  through  various  developmental 
stages  to  experimental)  have  been  grouped  into  three  broad 
categories  for  this  report; 

a.  Acoustic  Borehole  Logging 

b.  Acoustic  Emission  Monitoring 

c.  Acoustic  Soundings 

More  detailed  information  and  evaluation  in  the  field  of 
acoustic  monitoring,  including  the  more  experimental  methods 
which  have  not  been  included,  may  be  reviewed  in  the  federally 
sponsored  research  projects  by  Gupta  1972  (5-17) , Fitzpatrick 
1972  (5-111,  Rubin  1974  (5-35),  Price  1976  (5-34),  and  Cully 
19.76  (5-7). 


8.4.1  Acoustic  Borehole  Logging 

Acoustic  logging  techniques  were  originally  developed  by 
the  petroleum  industry  and  provide  a sophisticated  array  of 
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devices  in  various  stages  of  development  which  could  signifi- 
cantly reduce  the  number  of  boreholes  in  a site  investigation 
program. 

Acoustic  logging  consists  of  recording  the  time  that  is 
required  for  a compressional  sound  wave  to  traverse  1 foot 
of  formation  which  is  referred  to  as  the  "interval  transit 
time"  (Ash,  10-2).  The  various  acoustical  procedures,  in 
addition  to  measuring  the  compressional  and  shear  wave  veloc- 
ities in  a given  geological  unit,  are  capable  of  providing 
extensive  borehole  and  inter-borehole  information  about  the 
lithology,  structure,  discontinuities  and  porosity  of  the 
formation  when  used  separately  or  in  combination  with  other 
geophysical  logging  methods. 

A high-powered  piezoelectric  transducer,  which  converts 
electrical  signals  to  acoustic  or  sound  energy,  is  inserted  in 
the  borehole.  This  energy  propagates  through  the  formation 
and  is  reflected  from  the  various  anomalies.  The  reflected 
sound  energy  is  then  received  by  a second  transducer,  which 
converts  it  back  to  electrical  energy,  and  the  amplitude  and 
elapsed  time  are  recorded  at  ground  surface  (Figure  8-5) . 

This  information  is  then  analyzed,  usually  by  computer,  and 
the  various  geotechnical  parameters  are  evaluated. 

Acoustic  borehole  logging  includes  Acoustic  Velocity  Log- 
ging Systems  and  Scanned  Acoustic  Holography,  which  are  dis- 
cussed hereinafter. 


8. 4. 1.1  Acoustic  Velocity  Logging  Systems  - The  Acoustic 
Velocity  logging  system  was  first  developed  by  Mobil  Oil  Com- 
pany in  1951,  and  was  called  the  Continuous  Velocity  Logger™ 
(CVL) . This  system  consisted  of  1 acoustic  transmitter  and 
receiver  and  was  used  primarily  to  determine  porosity  (Hamil- 
ton, 1-10) . This  system  was  subsequently  modified  to  a dual 
receiver  to  improve  record  quality.  However,  these  devices 
were  subject  to  large  errors  due  to  borehole  diameter  varia- 
tions and  off-centering  of  the  acoustical  tool.  This  required 
that  the  geometry  of  the  borehole  be  determined  using  a sup- 
plementary borehole  caliper  device. 

The  Borehole  Compensated  logging  system  (BHC)  was  devel- 
oped to  eliminate  the  problems  encountered  in  the  earlier  sys- 
tems by  including  a multiplicity  of  transducers  positioned  so 
they  could  cancel  out  instrument  misalignment  error  (Myung, 

5-29).  The  BHC  system  has  been  used  to  determine  porosity,  lith- 
ologic boundaries,  fracture  zones,  log  correlation  to  assist 
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in  the  interpretation  of  other  geophysical  procedures.  The 
range  of  this  system  is  limited  to  the  immediate  vicinity  of 
the  borehole  wall,  and  it  must  be  conducted  in  large  diameter, 
uncased,  fluid-filled  holes. 

A modified  acoustic  velocity  logging  system,  called  the 
Variable  Density  logging  system  (V3-D) , combines  a single- 
receiver CVL-'-^''^  tool  with  a three-dimensional  camera,  which 
provides  a continuous  display,  on  film,  of  the  complete  wave 
train.  The  transmitter  propagates  elastic  wave  energy  as  a 


8-18 


FIELD  INSTRUMENTATION 


] c 


1 

^TRANSMITTER  RECEIVER 

/ DIRECT  WAVE  \ 

1 

- - ■ » — 1 . 

REFRACTED  WAVE 
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compressional  wave  in  the  borehole  fluid,  which  is  reflected 
as  pressure  waves  from  the  formation  face.  The  receiver  then 
converts  these  pressure  waves  to  electrical  signals,  which  are 
recorded  on  a specially  designed  3-D  surface  camera  (Myung, 
5-28) . The  V3-D  system  is  utilized  in  determining  porosity, 
bedding,  cement  bond  evaluation,  locating  gas  zones,  fractures 
studies  and  determining  the  elastic  properties  of  rock.  The 
system  can  also  be  applied  between  boreholes  where  the  trans- 
mitter is  in  one  hole  and  the  receiver  is  moved  up  the  other 
hole  (Figure  8-6) . The  acoustical  signal  can  be  transmitted 
approximately  200  feet  in  competent  rock  (Hamilton,  1-10) . 

The  V3-D  equipment  may  be  utilized  in  either  cased  or  uncased, 
fluid-filled  boreholes. 

A modified  inter-borehole  velocity  logging  technique  has 
been  recently  developed  (McCann,  5-25),  (Grainger,  5-16).  It 
consists  of  adapting  an  Edgerton,  Germeshausen  & Grier-type 
marine  sparker  with  a very  high  energy  (up  to  1000  Joules) 
source.  The  energy  is  received  by  a radial  resonance  hydro- 
phone and  then  amplified  at  the  top  of  the  borehole  by  a low- 
noise  amplifier  and  projected  onto  an  oscilloscope. 


8-19 


The  sparker  energy  source  extended  the  inter-borehole 
acoustic  range  un  to  400  feet,  although  other  researchers  have 
questioned  the  safety  of  such  high  voltage  sources  in  a bore- 
hole system  (Rubin,  5-35).  Smaller,  1 to  2 Joule  sparkers 
have  been  used  in  shallow  boreholes  up  to  20  feet  apart  in 
landslide  investigations  (Cratchley,  5-6) . 

Another  variation  of  velocity  logging  which  is  still  in 
the  experimental  stages  is  the  Acoustic  Pulse  Echo  system 
(APE)  which  can  detect  geological  discontinuities  up  to  30 
feet  ahead  of  an  excavation  face  (Gupta,  5-17) . A moderately 
powered  pulse-echo  FM  transmitter,  operating  in  a range  of  5 
to  45  kHz,  can  process  the  return  signal  by  a cross-correla- 
tion function  and  detect  major  structural  interruptions  in 
the  bedrock  unit.  With  additional  development,  this  system 
appears  to  have  potential  for  practical  application  during 
tunnel  construction. 

The  basic  costs  of  conducting  acoustic  velocity  logging 
are  dependent  upon  the  type  of  equipment  employed  and  loca- 
tion of  the  few  contractors  who  specialize  in  this  type  of 
surveying.  A minimum  daily  basic  field  rate  in  excess  of 
$1000  is  to  be  anticipated  and  a fluid-filled  borehole  is 
required  to  conduct  the  work. 


8. 4. 1.2  Scanned  Acoustic  Holography  - Scanned  Acoustic  Holog- 
raphy is  a very  recent  development  in  the  field  of  acoustic 
imaging.  A three-dimensional  image  of  the  interior  structural 
features  of  an  opaque  object,  called  a hologram,  can  be  recon- 
structed on  photographic  film  without  the  use  of  a camera. 

The  hologram  is  formed  by  projecting  acoustic  waves  at  the 
object  of  interest,  which  scatter  and  combine  with  a carrier 
wave.  The  interference  pattern  resulting  from  the  intermixing 
of  these  2 waves  is  converted  to  a photographic  transpar- 
ency. This  transparency  is  illuminated  by  laser  light  which 
reconstructs  an  inverse  image  of  the  object.  The  laser  illu- 
mination may  be  varied  to  provide  different  cross-sectional 
views  of  the  opaque  object  (Ash,  10-2) . The  images  are  subse- 
quently processed  by  computer  to  determine  the  strike  and  dip 
of  the  structure,  presence  of  subsurface  voids  and  highly 
fractured  and  faulted  zones  and  other  major  structural  fea- 
tures (Price,  5-32) . 

Although  this  system  is  still  in  the  experimental  stage 
and  problems  exist  with  the  propagation  of  multipath  wave 
media  (Rubin,  5-35) , initial  test  results  indicate  that 
scanned  acoustic  holography  may  be  developed  into  a very  use- 
ful subsurface  exploration  tool. 
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Although  not  a holographic  technique,  acoustic  borehole 
photography,  employing  televiewer  or  seisviewer  systems,  is  a 
method  of  obtaining  a continuous  acoustic  photograph  of  the 
lithology  and  stratigraphic  features  exposed  on  the  face  of 
an  uncased  borehole.  The  downhole  unit  consists  of  a small 
piezoelectric  transducer  and  a flux-gate  magnetometer.  A 
small  motor  rotates  the  unit  at  a fixed  rate  and  the  trans- 
ducer emits  a pulsed,  narrow  beam,  acoustic  signal  which  is 
reflected  off  the  borehole  walls  and  recorded.  The  amount  of 
energy  which  is  reflected  is  a function  of  the  physical  prop- 
erties of  that  surface.  A three-dimensional  camera  records 
an  acoustical  photograph  of  the  entire  borehole  wall  oriented 
to  magnetic  North,  The  system  is  presently  used  to  determine 
fractures,  voids,  bedding  and  washouts  in  uncased  holes  and 
as  a casing  inspection  tool  (Myung,  5-27) . 


8.4.2  Acoustic  Emission  Monitoring 

Acoustic  emission  monitoring  is  a technique  of  amplify- 
ing subaudible  sound  waves  caused  by  the  release  of  elastic 
strain  energy  which  emanates  from  a stressed  material.  Such 
elastic  energy,  which  is  actually  sound  waves  or  noise,  has 
been  referred  to  as  stress  wave  emissions,  microseisms, 
microsonic  noises  and  acoustic  emissions  (Koerner,  5-22) . 

The  latter  term  appears  to  be  the  more  commonly  used  and  is 
employed  in  this  report. 

Acoustic  emissions  are  sounds  generated  by  instabilities 
within  a material  which  subsequently  deforms.  These  sounds 
may  occur  in  earthen  dams;  slopes;  behind  retaining  walls; 
beneath  footings;  and  in  underground  openings,  mines  and 
quarries. 

These  inherent  sounds,  which  are  very  small  in  amplitude, 
can  be  monitored  with  highly  sensitive  piezoelectric  trans- 
ducers which  will  fit  within  very  small  diameter,  shallow 
boreholes.  The  signal  which  is  received  is  amplified,  fil- 
tered and  counted  or  recorded  on  a small,  portable  receiving 
unit  which  can  be  operated  by  1 technician  with  minimal 
experience. 

Surface  environmental  noises  can  be  electronically  fil- 
tered from  the  signal  which  makes  its  application  suitable  in 
urban  areas.  If  the  presence  of  acoustic  emissions  is  not 
detected,  the  material  is  determined  to  be  in  equilibrium  and 
stable. 
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The  acoustic  emission  detector  was  first  developed  by 
the  Liberty  Mutual  Insurance  Company  as  a part  of  their  loss 
prevention  program  in  mine  and  tunnel  safety  (Beard,  5-3) . 
Their  patented  unit,  called  the  Seismitron™^  is  now  marketed 
by  several  manufacturers  under  various  models  which  can  be 
purchased  for  approximately  $1,000  to  $3,000,  depending  on 
the  sophistication  of  the  recording  unit. 


8.4.3  Acoustic  Soundings 

A variation  of  acoustic  emission  monitoring,  referred  to 
as  the  Acoustic  Sounding  Technique,  was  developed  to  supple- 
ment the  standard  and  costly  methods  of  conventional  test 
borings.  It  is  used  to  determine  the  depth  to  sound  bedrock 
(Lundstrom,  5-24) , (Stimpson,  5-37)  . 

This  method  combines  the  application  of  conventional, 
air-operated,  percussion  rock  drilling  equipment  with  an 
acoustical  monitoring  unit  and  is  employed  in  areas  of  antic- 
ipated, relatively  shallow  and  irregular  bedrock  surfaces. 

An  initial  monitoring  hole  is  drilled  into  the  bedrock, 
and  a waterproof  geophone  is  installed  in  the  bottom  of  the 
PVC  cased  hole  and  is  attached  to  the  acoustical  monitoring 
unit  (Figure  8-7) . 

The  percussion  drill  rig  commences  the  "soundings"  at 
selected  locations  in  any  direction  from  the  monitoring  hole. 
As  the  drill  bit  advances  through  the  overburden  materials,  a 
technician  can  monitor  the  differences  in  the  intensity  of 
the  sound  transmission  through  the  various  materials,  and 
when  it  encounters  bedrock.  In  addition,  an  experienced 
operator  can  usually  identify  boulders,  weathered  bedrock, 
voids  and  other  supplementary  information  that  may  be  of  engi- 
neering importance.  The  depth  and  penetration  rate  of  the 
drill  bit  is  constantly  monitored  and  correlated  with  the 
acoustical  readings. 

The  type  and  quality  of  the  bedrock  will  effect  the  mag- 
nitude of  the  sound  waves  and  distance  that  they  will  be 
transmitted  through  the  bedrock.  Generally,  the  drill  rig 
can  be  operated  up  to  several  hundred  feet  away  from  the  moni- 
toring hole. 

This  method  could  be  employed  when  the  project  require- 
ments demand  detailed  information  about  the  location  of  an 
irregular  bedrock  surface  overlain  by  rubble  fill,  boulder 
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FIGURE  8-7.  CORIPONENTS  USED  FOR  ACOUSTIC  SOUNDING 
TECHNIQUE  LUNDSTROM  (5-24) 

tills,  blasted  bedrock  debris,  or  any  overburden  material  that 
would  be  difficult  to  penetrate  for  more  conventional  subsur- 
face exploration  methods. 

Several  limitations  are  inherent  with  this  technique. 
Sound  and  competent  rock  is  usually  required  for  good  acoustic 
transmission  capabilities.  Without  supplementary  correlation 
test  borings,  highly  weathered  or  fractured  rock  may  be  inter- 
preted as  overburden.  In  addition,  the  pneumatic  drill  tends 
to  plug  in  thicker  overburden  materials,  especially  in  the 
presence  of  ground  water.  Bedrock  depths  up  to  20  feet  below 
ground  surface  can  usually  be  determined  very  accurately. 

Good  acoustical  information  has  been  obtained  up  to  50  feet 
in  depth;  however,  reliable  data  obtained  at  these  depths 
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will  be  a direct  function  of  the  overburden  soils  and  ground- 
water  level. 

An  additional  limiting  factor  is  the  noise  level  of  the 
pneumatic  equipment  and  the  tendency  to  discharge  borehole 
cuttings  within  a large  radius  of  the  drill  hole.  These  fac- 
tors can  both  be  reduced  by  using  special  "silent"  equipment 
and  employing  casing  which  can  control  and  direct  the  cuttings. 

Excluding  the  initial  purchase  of  the  acoustical  monitor- 
ing equipment,  an  "air-track"  drill  rig  and  compressor  can  be 
rented  for  approximately  $500- $600  per  day.  Depending  on  the 
site  access  and  subsurface  conditions,  a range  of  15-25 
acoustically  monitored  probes  can  be  obtained  in.  1 day. 
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9. 


STRATIGRAPHIC  EVALUATIONS 


9 . 1 GENERAL 

The  principal  objective  of  this  study  is  to  implement 
selected  advanced  methods  of  subsurface  exploration  on  an  on- 
going urban  rapid  transit  tunneling  project  for  the  purpose 
of  evaluating  their  performance,  cost,  and  the  accuracy  and 
reliability  of  the  data  produced. 

The  performance  of  certain  exploratory  methods  can  be 
assessed  through  evaluation  of  difficulties  met  in  implemen- 
tation, adaptability  of  the  techniques  to  the  urban  environ- 
ment, examination  of  the  quality  of  samples  recovered,  and 
other  immediate  measures. 

The  cost  of  all  procedures,  and  the  composition  of  costs, 
in  terms  of  directly  productive  items  and  non-productive 
(support)  items,  are  immediately  determined  during  implementa- 
tion. 


However,  the  accuracy  and  reliability  of  most  subsurface 
exploration  techniques  can  only  be  assessed  when  the  excava- 
tion is  made  for  the  structure  being  designed.  Only  at  the 
time  that  the  soils  and  rock  are  exposed  to  direct  examina- 
tion can  predictions  of  stratigraphy,  structure  and  properties 
be  fully  assessed  and  compared  with  actual  existing  condi- 
tions . 

This  section  of  the  report  will  summarize  stratigraphic 
evaluations  and  predictions  for  the  two  test  sections  investi- 
gated. These  predictions  will  be  used  in  conjunction  with 
the  field  mapping  of  excavations  (performed  during  Stage  II 
of  this  study)  to  evaluate  the  accuracy  of  various  exploratory 
methods . 

The  stratigraphic  interpretations  and  predictions,  based 
on  an  evaluation  of  all  of  the  exploratory  techniques,  are 
summarized  in  the  Geological  Profiles  in  Appendix  B. 

Table  9-1  summarizes  the  major  geological  units  and  the 
elevations  at  which  they  are  anticipated  to  be  encountered, 
relative  to  tunnel  crown  and  invert,  within  the  Holiday  Inn 
test  section. 
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The  subsurface  conditions  will  be  described  in  the 
following  sequence: 

a.  Overburden  Soils  (Holiday  Inn  Site) 

b.  Bedrock  (Holiday  Inn  Site) 

c.  Bedrock  (Davis  Square  Site) 

d.  Ground  Water  (Holiday  Inn  Site) 


9.2  OVERBURDEN  SOILS  (HOLIDAY  INN  SITE) 

The  overburden  materials  which  were  encountered  at  the 
Holiday  Inn  test  section  have  been  divided  into  four  principal 
strata.  In  order  of  increasing  depth  below  ground  surface, 
they  are : 

a.  Miscellaneous  Fill 

b.  Outwash  Sand  and  Gravel 

c.  Marine  Clay 

d.  Glacial  Till 

The  glacial  till  is  the  major  soil  unit  investigated  in 
detail  in  the  site  area,  and  the  only  overburden  unit  through 
which  the  tunnel  will  be  constructed  in  the  study  area.  As 
the  overlying  sediments  have  been  discussed  in  Section  5,  only 
the  glacial  till  deposits  will  be  evaluated  in  more  detail. 

The  glacial  till  unit  consists  of  a thick  deposit  of  gen- 
erally a very  dense,  glacially  consolidated  mass  which  direct- 
ly overlies  the  bedrock.  The  glacial  till,  ranging  in  par- 
ticle size  from  silt  and  clay  to  boulders,  is  generally 
neither  stratified  nor  sorted  according  to  size.  However, 
several  lenses  and  pockets  of  clay,  silt  or  sand  were  encoun- 
tered in  the  explorations.  Boulders  and  cobbles,  up  to  3 
feet  in  diameter,  were  encountered  in  the  explorations.  It 
is  anticipated  that  boulders  in  excess  of  3 feet  occasion- 
ally exist  within  the  glacial  till  unit. 

The  Geological  Profiles  (Appendix  B)  indicate  two  methods 
of  interpretation  for  comparison  purposes.  The  solid  line 
interpretations  are  based  on  the  physical  data  recovered  from 
the  test  borings  and  the  dotted  line  interpretations  are 
based  on  the  borehole  nuclear  logging  surveys. 

The  test  boring  data  indicate  the  presence  of  four  major 
strata  described  above.  Nuclear  logging  techniques  confirm 
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the  occurrence  of  these  materials,  although  at  slightly  dif- 
fering elevations.  The  nuclear  surveys  also  indicate  that  the 
glacial  till  unit  CUnit  Cl  may  be  further  divided  into  four 
subunits.  The  subunits  (C^^,  C2,  and  C^)  are  shown  on  the 
profiles  with  a general  description  of  their  inferred  compo- 
sition. 

Subunit  is  indicated,  based  on  nuclear  logs,  to  be 

a semi-continuous  clay  layer  with  an  average  thickness  of 
5 feet  within  the  glacial  till  stratum.  The  test  borings 
conducted  throughout  the  site  area,  including  the  design 
phase  explorations,  did  not  reveal  the  presence  of  this  rela- 
tively uniform  clay  layer,  but  rather  occasional  and  isolated 
pockets  of  clay.  Although  this  clay  layer,  if  present,  will 
not  be  exposed  in  the  tunnel  within  the  Holiday  Inn  test 
section  (Stations  203  to  206) , it  may  be  encountered,  if  it 
is  continuous,  during  tunnel  excavation  south  of  the  Holiday 
Inn  site.  This  clay  layer  (Geological  Profiles,  Subunit  C^, 
Appendix  B)  is  not  a part  of  the  overlying  marine  clay  unif^ 
identified  on  the  Geological  Profiles  (Unit  B) . 


9.2.1  Nuclear  Correlations 

Geophysical  logs  investigate  only  a few  inches  beyond 
the  borehole  wall,  and  if  there  is  a concentration  of  boulders 
near  the  bore,  a particular  zone  may  appear  to  be  denser  and 
less  porous  than  the  zone  as  a whole.  Also,  glacial  till  is 
prone  to  breaking  out  from  the  borehole  wall  and  certain  zones 
may  appear  less  dense  and  more  porous  than  they  actually  are. 
Rapid  lateral  changes  in  the  type  of  material  comprising  the 
till  make  it  difficult  to  correlate  specific  zones.  However, 
in  spite  of  these  problems , four  subunits  are  apparent  in 
many  of  the  holes.  Division  of  the  subunits  is  based  on  the 
combination  of  responses  of  the  gamma  gamma,  neutron  neutron, 
and  natural  gamma  logs. 

The  units  identified  are  based  on  the  geophysical  res- 
ponse only  and  do  not  necessarily  correlate  with  test  boring 
information. 

Unit  A is  a miscellaneous  granular  surface  material  in- 
cluding fill  and  surficial  outwash  sand  and  gravel  deposits. 
This  includes  the  area  where  the  geophysical  logs  are  not 
reliable  because  of  top  hole  effects,  variable  moisture  con- 
tent, and  disturbance  during  drilling. 
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Unit  B displays  a high  natural  gamma  activity  character- 
istic of  potassium-rich  clay.  It  displays  low  density  and 
high  porosity,  although  these  two  characteristics  are  not 
discernible  on  many  of  the  logs  because  of  the  interference 
by  the  water  level.  The  boundaries  of  this  unit  are  selected 
on  the  basis  of  high  natural  gamma  count  rate. 

Unit  C is  glacial  till,  characterized  by  variable  den- 
sity, moderate  porosity,  and  variable  natural  gamma  activity. 
The  variable  nature  of  the  till  causes  some  difficulties  in 
interpretation. 


Subunit  is  characterized  by  moderate  to  high  density, 
moderate  porosity,  and  moderate  natural  gamma  count  rate. 

In  some  boreholes,  the  density  relationship  between  C,  and 
is  reversed.  That  is,  C2  is  denser  in  TSC  22,  TSC  9 , '^TSC  13, 
TSC  15,  and  TSC  8.  Such  variations  can  be  expected  in  till. 
Where  a density  difference  between  and  C2  is  not  apparent, 
the  two  can  sometimes  be  separated  by  a zone  of  high  gamma 
gamma  count  at  the  top  of  C^.  This  may  be  a very  low  density 
zone,  or  it  may  be  a zone  which  is  prone  to  breaking  out.  C 
is  probably  a dense  sandy  unit.  ^ 


Subunit  C2  is  characteristically  less  dense  and  more 
porous  than  C,7  except  in  the  cases  mentioned  above.  It 
exhibits  a moaerate  natural  gamma  activity.  In  most  boreholes, 
the  top  of  this  unit  displays  apparent  low  density.  It  may 
be  a clay  lense,  as  it  is  often  associated  with  high  natural 
gamma  activity,  or  it  may  be  a zone  that  is  prone  to  breaking 
out.  The  entire  subunit  generally  corresponds  to  a zone  of 
coarser  grained  material  on  the  test  boring  logs. 


Subunit  a clay  unit,  is  characterized  by  high  natural 

gamma  activity,  lower  density,  and  higher  porosity.  It  is 
fairly  continuous.  A thin  layer  at  this  elevation  was  encoun- 
tered in  some  of  the  test  borings. 


Subunit  is  characterized  by  a higher  density,  moderate 
porosity,  and  generally  lower  natural  gamma  activity.  This 
unit  corresponds  to  a dense  sand  encountered  in  some  of  the 
test  borings.  Typically,  there  appears  to  be  a breakout  at 
the  base  of  this  unit,  just  above  the  bedrock.  This  is  a re- 
sult of  either  a change  in  drilling  procedure  when  rock  was 
encountered  (i.e.,  typically  decreasing  bit  size)  or  it  could 
be  associated  with  a breakout  of  the  loose  weathered  zone  of 
bedrock  which  is  probably  mixed  with  the  above  unit. 
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9.2.2  Seismic  Correlations 


Seismic  uphole  and  crosshole  surveys  were  used  to  deter- 
mine compressional  and  shear  wave  velocities  in  the  glacial 
till  and  bedrock.  Using  these  data,  and  parameters  calculated 
from  these  data,  such  as  Poisson's  Ratio  and  Young's  Modulus, 
an  assessment  of  the  elevation  of  the  top  of  the'  rock  was  made 
Seismic  crosshole  data  are  plotted  versus  elevation  in  Appen- 
dix H. 


Measured  compressional  and  shear  wave  velocities  shown 
in  Appendices  G and  H are  as  expected  from  the  nature  of  mate- 
rials encountered  during  other  explorations.  Seismic  cojti- 
pressional  velocities  in  the  glacial  till  units  range  from 
5875  feet/second  to  over  9000  feet/second,  with  an  average 
velocity  of  7500  to  8000  feet/second.  This  is  a typical  veloc 
ity  range  for  moderately  dense  glacial  till  in  New  England 
Some  velocities  measured  with  the  bedrock  surface  close  to 
the  elevation  of  the  cap-geophone  arrays  have  obviously  been 
contaminated  by  the  refracted  energy  propagating  through  the 
bedrock  (Appendix,  page  H-1,  TSC  18  to  TSC  8).  The  bedrock 
elevation  on  these  figures  is  indicated  by  a line  connecting 
the  elevations  where  bedrock  was  observed  in  the  test  borings. 

Shear  wave  velocities  in  the  glacial  till  range  from  2435 
feet/second  to  more  than  5000  feet/second,  averaging  between 
3500  and  4000  feet/second.  These  velocitiy  values  are  also 
typical  of  the  New  England  glacial  tills. 

variations  of  Poisson's  Ratio  computed  from  the  veloc- 
ities are  an  immediate  result  of  the  velocity  variabilities. 
Glacial  tills  sometimes  show  a semi-systematic  decrease  in 
Poisson's  Ratio  values  that  cluster  around  a central  value. 
However,  only  a few  examples  of  decreasing  Poisson's  Ratio 
with  depth  in  the  glacial  till  units  in  this  test  section  can 
be  cited;  Appendix  H,  page  H-1,  TSC  21  to  TSC  10;  page  H-2, 
TSC  17  to  TSC  15;  page  H-3,  TSC  9 to  TSC  16,  and  TSC  16  to  TSC 
7;  and  page  H-8,  TSC  24  to  TSC  13.  The  remaining  logs  show 
either  scattered  values  without  obvious  trend,  or  reversal 
of  the  typical  trends.  Glacial  tills  are  hignly  variable 
deposits  naturally,  and  such  scattering  should  be  expected. 


The  uphole  velocity  profiles  are  not  as  informative  as 
the  crosshole  information  because  they  represent  an  integra- 
tion of  the  effects  of  materials  between  the  shotpoint  and 
ground  surface,  rather  than  direct  effect  of  materials 
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between  the  boreholes.  Figure  9-1  shows  a deflection  of  cur- 
vature in  a total  transit  time  at  the  transition  from  glacial 
till  to  bedrock.  However,  in  other  cases,  the  total  transit 
time  plots  are  anomalous  and  are  not  considered  useful  in 
this  investigation. 


FIGURE  9-1.  SEISMIC  UPHOLE  DATA,  BORING 
TSC  17,  SERIES  4A 


9.3  BEDROCK  (HOLIDAY  INN  SITE) 

The  host  rock  type  in  the  study  area,  referred  to  as  the 
Cambridge  Argillite,  is  a slightly  metamorphosed  greenish-gray 
mudstone  which  varies  from  soft,  severely  fractured  and  weath- 
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ered  near  its  surface  (the  quality  generally  improving 
with  increasing  depth)  to  very  hard  and  fresh. 

Secondary  alteration,  which  probably  accompanied  later 
tectonic  movements  and  intrusions  of  major  igneous  dikes,  has 
further  altered  the  argillite.  Severe  fracturing  and  breccia- 
tion,  and,  in  many  instances,  subsequent  healing  to  a com- 
petent rock,  has  created  a highly  intruded  rock  mass  of  vary- 
ing composition  (Figure  9-2) . 


FIGURE  9-2.  BRECCIATED  ARGILLITE  WITH  HIGH  ANGLE  JOINTS, 
DIABASE  INTRUSIONS  AND  CALCITE  VEINS 


Numerous  veins  and  stringers  of  secondary  minerals,  which 
include  calcite,  pyrite,  epidote  and  quartz,  are  found  in  the 
argillite.  Calcite,  the  most  predominate  mineral,  is  randomly 
encountered  throughout  the  argillite,  in  addition  to  being  the 
most  prominent  mineral  observed  along  joints.  The  calcite 
has  also  cemented  ancient  joints  and  shears  vmich  are  no 
longer  considered  as  structural  discontinuities  in  the  rock 
mass . 


Occasional  transition  zones  to  sandstone  and  volcanic 
tuff  were  also  noted  within  the  argillite  unit.  Typically, 
these  zones  vary  from  a few  inches  to  a few  feet  in  thickness. 

An  igneous  rock  consisting  primarily  of  green,  highly 
fractured  diabase  (Figure  9-3)  intrudes  the  argillite  in  the 
vicinity  of  stations  204  to  205+50  NB  and  204+50  to  206  SB. 
Although  there  are  mineralogical  and  textural  changes  within 
the  rock  encountered  in  one  exploration  as  compared  to 
another,  the  diabase  is  believed  to  be  one  continuous  dike. 

The  greatest  vertical  thickness  of  the  dike  encountered  in 
the  explorations  was  20.5  feet  in  TSC  10.  However,  previous 
design  phase  explorations  in  the  same  vicinity  penetrated  a 
vertical  thickness  of  approximately  40  ft.  of  diabase  intrusion. 
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FIGURE  9-3.  FRACTURED  DIABASE  WITH  HEALED  MACRO 
SHEARS  AND  SECONDARY  MINERALIZATION 


The  thickness  of  the  diabase  dike,  measured  along  the 
centerline  of  the  proposed  tunnels,  is  anticipated  to  vary 
from  80  feet  in  the  southbound  tunnel  to  110  feet  in  the 
northbound  tunnel  occuring  within  the  mixed-face  limits 
(northbound)  and  almost  completely  outside  the  mixed-face 
limits  (southbound) . Several  isolated  and  smaller  igneous 
dikes  are  indicated  immediately  north  of  the  major  dike. 

There  is  also  much  inter-fingering  of  the  diabase  and  argil- 
lite near  their  associated  contact  zones. 

The  dikes  are  anticipated  to  be  steeply  dipping.  The 
estimated  contacts  between  the  argillite  and  diabase  dikes 
are  shown  on  the  Geological  Profiles,  Appendix  B.  The  dia- 
base will  comprise  the  majority  of  the  rock  in  the  mixed-face 
section  of  the  northbound  tunnel.  Argillite  is  anticipated 
to  be  the  principal  rock  type  excavated  in  the  mixed-face 
portion  of  the  southbound  tunnel  with  the  diabase  dike  being 
encountered  primarily  in  areas  where  some  rock  cover  will 
exist. 

Surficial  weathering  and  hydrothermal  alteration  have 
further  altered  both  bedrock  types  near  their  surface  and 
along  mineralized  zones  or  contacts.  In  some  instances, 
this  severe  alteration  has  created  kaolinization  and  formed 
clay  or  clay  seams  within  the  rock  mass. 

A zone  of  "decomposed  rock"  has  been  identified  on  the 
subsurface  exploration  summaries  and  geological  profiles. 

This  zone  has  lost  its  structural  integrity  and  more  closely 
resembles  a soil.  The  decomposed  rock  zone  consists  primarily 
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of  a clayey  sand  with  pieces  and  fragments  of  intermixed  un- 
weathered rock. 

The  geological  and  structural  classification  of  the  rock 
mass  was  determined  by  visual  analysis  of  the  recovered  rock 
core  utilizing  the  classification  systems  and  terminology  sum- 
marized in  Appendix  A.  All  recovered  rock  core  was  photo- 
graphed for  future  reference.  Photographs  of  rock  core  are 
included  in  Appendix  D.  More  detailed  geological  information 
regarding  the  petrographic  characteristics  of  the  rock  is 
included  in  Appendix  E. 

9.3.1  Nuclear  Correlations 


As  with  the  overburden  soils,  the  geological  profiles  in 
Appendix  B present  two  interpretations  of  the  top  of  rock. 

The  solid  lines  indicate  interpretations  based  on  extrapola- 
tion of  the  test  borings  and  the  dotted  lines  represent  inter- 
pretation of  the  nuclear  logs. 

Bedrock  Unit  D is  characterized  by  an  increase  in  den- 
sity, decrease  in  porosity,  and  normally  an  increase  in  natu- 
ral gamma  activity.  Generally,  the  contact  was  selected  on 
the  basis  of  a decrease  in  gamma-gamma  count  rate.  Within 
the  bedrock,  there  are  zones  of  high  porosity  accompanied  by 
a drastic  decrease  of  natural  gamma  activity  which  do  not 
correspond  to  density  decreases.  The  most  likely  explanation 
for  such  a relationship  is  that  these  are  highly  fractured 
zones,  through  which  ground  water  is  channeled.  These  zones 
do  correspond  to  intervals  where  extensive  jointing  was  noted 
in  the  test  borings.  The  flow  of  ground  water  through  the 
cracks  may  have  dissolved  the  radioactive  minerals  and  carried 
them  away,  hence  the  low  natural  gamma  count.  An  alternate 
explanation  for  the  low  natural  gamma  count  is  the  decrease 
of  mass  due  to  the  fracturing.  Drilling  mud  may  have  filled 
the  fractures , preventing  the  gamma  gamma  sonde  from  respond- 
ing to  the  decreased  density. 

An  attempt  was  made  to  differentiate  between  the  altered 
argillite  and  the  diabase  dike.  However,  no  consistent  rela- 
tionship of  the  geophysical  logs  could  be  determined  to  sepa- 
rate them. 
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9.3.2  Seismic  Correlations 


Compressional  wave  velocities  in  the  bedrock  units  range 
from  8,300  feet/second  to  more  than  17,000  feet/second,  with 
an  increase  in  velocity  for  the  crosshole  data  corresponding 
very  closely  with  rock  elevations  encountered  in  the  borings . 
The  majority  of  the  velocities  shown  are  in  the  range  of 
11,000  feet/second  to  13,000  feet/second  (Appendix  H) , a 
range  typical  of  the  type  of  rock  present.  The  lower  values 
represent  poor  quality  rock  with  a high  degree  of  weathering 
or  fracturing.  Shear  wave  velocities  in  the  bedrock  units 
range  from  3,758  feet/second  to  as  much  as  7,800  feet/second, 
indicating  variable  conditions  are  present  in  the  bedrock. 

The  variations  of  Poisson's  Ratio,  calculated  for  the 
bedrock  units,  are  not  systematic  in  any  obvious  sense,  but 
there  is  some  correspondence  between  high  values  of  Poisson's 
Ratio  and  poor  quality  rock.  These  areas  are  indicated  on 
the  geological  profiles.  Appendix  B. 

Young's  Modulus  values  are  strongly  dependent  upon  the 
measurement  of  shear  wave  velocities.  They  typically  show  a 
close  correspondence  to  the  test  boring  logs,  with  a sharp, 
upward  increase  in  the  value  of  the  modulus  at  and  near  the 
top  of  bedrock.  In  the  glacial  tills,  there  is  a tendency 
for  the  modulus  to  increase  with  depth,  but  some  lower  values 
are  evident  near  the  bedrock.  The  modulus  typically  remains 
at  higher  values  within  the  rock  body,  with  only  two  zones 
showing  values  of  less  than  1.0  x 10^  pounds/inch ^ for  measure- 
ments clearly  within  the  rock  (Appendix  H,  page  H-2,  TSC  17 
to  TSC  15,  80-85  foot  depth;  and  page  H-3,  TSC  19  to  TSC  9, 
9Q-100  foot  depth) . A variable  condition  is  indicated  in 
Appendix  H,  page  H-1,  TSC  21  to  TSC  18,  86-100  foot  depth, 
but  this  may  be  associated  with  the  angular  slant  path  from 
the  shotpoints  to  the  bottom  of  TSC  18  at  82.5  foot  depth. 

Amplitudes  for  the  compressional  and  shear  waves  are 
summed  vectorially  in  conjunction  with  the  values  of  Poisson's 
Ratio  and  Young's  Modulus,  and  are  used  to  define  zones  of 
poor  quality  rock.  These  zones  are  delineated  on  the  geo- 
logical profiles.  Appendix  B. 
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9.3.3  Structure 


9. 3. 3.1  Argillite  - The  Red  Line  tunnel  alignment  trends  in 
the  north-south  direction  approximately  perpendicular  to  the 
axis  of  the  Charles  River  syncline.  The  Holiday  Inn  site  is 
located  on  the  north  flank  of  the  syncline,  QThe  regional 
strike  of  the  bedrock  structure  is  about  N7Q  W and  the 
strata  dips  to  the  south  at  about  5 to  15  degrees , 

An  important  feature  to  note  is  the  presence  of  planes 
of  weakness  or  separations  along  which  the  rock  either 
has  been  broken  by  past  geological  forces,  or  along  which  it 
is  likely  to  break  during  tunnel  excavation.  These 
planes  of  weakness  or  fractures  are  controlled  by  bedding 
planes  and  rock  mass  discontinuities  such  as  joints,  shears 
and  faults  (Figure  9-4) . 

Relic  bedding  is  occasionally  indicated  by  very  thin 
banding  which  is  caused  by  differential  weathering  of  the 
ancient  layers. 

Foliation  is  very  poorly  developed  in  the  weakly  meta- 
morphosed argillite  at  the  test  site. 

l^aturally  occurring  rock  discontinuities  lacking  displace- 
ment are  classified  as  joints.  Joints  make  up  the  vast 
majority  of  the  discontinuities  observed  and  are  in  sufficient 
number  to  impart  a blocky  nature  to  the  rock  mass. 

Jointing  is  ubiquitous  in  the  rock  core  from  the  test 
section  and  usually  occurs  in  sets.  The  joint  surfaces  range 
from  smooth  to  rough,  and  the  joint  planes  range  from  planar 
to  curvilinear  to  very  irregular.  The  joints'  are  usually 
coated  with  calcite  or  other  minerals  from  secondary  minerali- 
zation. Some  joints  are  open  and  not  coated,  while  others 
are  closed  tight  and  cemented  with  secondary  minerals . The 
joints  generally  dip  between  20  and  80  degrees. 

The  joint  spacing  ranges  from  less  than  1 inch  to  over 
3 feet.  Orientations  of  the  joints  could  not  be  deter- 
mined from  the  borings  since  no  orienting  techniques  were 
used.  The  regional  joints  are  known  to  dip  steeply  and  to 
strike  approximately  north  to  northeast,  while  a second  set 
strikes  nearly  east  and  dips  south. 
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During  glaciation,  some  near-surface  open  joints  and 
bedding  planes  in  the  bedrock  surface  became  filled  with 
water.  The  water  then  froze  and  the  joints  became  larger  and 
wider  due  to  the  expansion  of  the  ice  ("ice  jacking").  When 
the  glacier  melted,  some  of  these  joints  filled  with  sediment. 
This  condition  was  reported  to  have  been  observed  in  the 
excavations  for  the  Pusey  Library  just  south  of  Harvard 
Square.  Some  blocks  of  rock  were  entirely  separated  from 
the  bedrock  mass  by  a few  inches  of  reworked  till  and  the 
joints  were  filled  with  sediment.  This  condition,  where 
identified  in  the  test  section,  has  been  grouped  in  the 
"decomposed  rock"  zone  previously  described. 

Naturally  occurring  rock  discontinuities  along  which 
minor  displacement  has  occurred  are  termed  shears.  Some 
shears  may  have  been  classified  as  joints,  since  evidence 
of  displacement  was  not  apparent.  Clacite  mineralization, 
or  occasional  clay  gouge  material,  is  usually  associated 
with  the  shear  fractures.  The  majority  of  the  rock  has  been 
crushed  and  brecciated  by  former  tectonic  movements  and  sub- 
sequently healed  by  secondary  mineralization  (Figure  9-5) . 


FIGURE  9-5.  ARGILLITE  AND  DIABASE  WITH 

QUARTZ  AND  CALCITE  MINERALIZATION 


Major  structural  displacement,  referred  to  as  "faults", 
can  only  be  inferred  from  the  boring  information.  Various 
zones  of  extremely  fractured  rock  which  have  been  identified 
on  the  summary  logs  may  be  zones  of  severe  jointing,  or  may 
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indicate  fault  zones.  It  is  anticipated  that  faulting  of  the 
bedrock  occurred  in  association  with  later  tectonic  movements 
when  igneous  dikes  intruded  the  argillite. 

The  fracture  zones  and  open  joints  are  principal  avenues 
for  high  volume  water  transport  in  the  rock  mass.  The  con- 
tinuity of  these  fractures  could  not  be  determined,  but  the 
frequency  of  fracturing  which  was  encountered  would  indicate 
water  transmissibility . In-situ  testing  indicated  an  average 
permeability  in  the  upper  portions  of  the  rock  mass  of  about 
10”^  cm/sec,  decreasing  to  10“ ® cm/sec  in  the  lower,  more 
competent  portions.  It  is  expected  that  local  fracture  zones 
which  display  continuity  may  yield  significant  quantities  of 
water  during  excavation. 

In  some  instances,  fractures  are  due  to  mechanical  breaks 
created  by  the  drilling  operations  and  when  identified,  have 
been  indicated  on  the  summary  logs. 

The  rock  quality  designation  (RQD)  and  average  length  of 
core  were  measured  in  the  borings  to  help  define  the  spacing 
of  the  discontinuities  in  the  bedrock.  These  parameters  are 
generally  lowest  near  the  bedrock/glacial  till  interface.  The 
RQD  and  average  length  of  core  generally  increased  from  depths 
of  10  to  30  feet  below  the  bedrock  surface  and  were  usually 
higher  for  the  argillite  than  for  the  igneous  rocks. 

The  various  rock  structural  features  determined  from  the 
recovered  rock  core  are  summarized  on  the  Subsurface  Explora- 
tion Summaries,  Appendix  B. 


9. 3. 3. 2 Diabase  - Igneous  intrusions  in  the  form  of  dikes 
have  intruded  the  argillite  within  the  Holiday  Inn  test  sec- 
tion. This  is  a common  occurrence  throughout  the  Cambridge 
Argillite  formation.  The  igneous  intrusions,  consisting  pri- 
marily of  diabase  in  the  test  section,  are  steeply  dipping  to 
the  southwest  and  generally  strike  in  a northwest-southeast 
direction.  They  have  been  exposed  to  surficial  weathering  and 
hydrothermal  alterations  along  open  joints  and  shears.  The 
diabase  is  a much  harder,  more  brittle  rock  than  the  argillite. 
Due  to  its  coarser  texture  and  mineralogy,  it  contains  much 
less  clay  and  gouge  material  associated  with  its  structural 
discontinuities.  However,  the  diabase  dikes  display  a higher 
percentage  of  discontinuities  due  to  its  tendency  to  more 
easily  rupture  during  regional  or  local  disturbances. 
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The  massive  nature  of  the  igneous  dikes  and  their  total 
lack  of  bedding  or  laminations  has  created  very  rough  and 
highly  irregular  fracture  patterns.  Although  highly  frac- 
tured, the  discontinuities  tend  to  be  randomly  oriented  and 
are  believed  to  lack  continuity  over  long  distances. 

The  terminology  and  definitions  used  in  Section  9. 3. 3.1 
are  also  applicable  to  the  dike  rocks.  The  various  struc- 
tural features  determined  from  the  recovered  rock  core  are 
summarized  in  Appendix  B. 


9.4  BEDROCK  (DAVIS  SQUARE  SITE) 

One  exploration  was  completed  in  Davis  Square, 

Somerville,  Massachusetts,  for  the  purpose  of  evaluating  the 
Integral  Sampling  Method  (ISM)  which  has  been  described  in 
detail  under  Section  7.5.3  of  this  report.  The  general  sub- 
surface geology  determined  from  the  ISM  exploration  is  sum- 
marized below. 

The  Davis  Square  site  is  located  approximately  1 mile 
north  of  the  Holiday  Inn  site  in  the  same  geological  environ- 
ment and  exhibits  very  similar  subsurface  conditions. 

An  overburden  thickness  of  49  feet,  consisting  of  a 
sequence  of  outwash  sands,  marine  clays  and  glacial  till, 
was  not  sampled  as  a part  of  this  study. 

The  bedrock,  which  is  part  of  the  Cambridge  Argillite 
Formation,  consists  of  a hard,  slightly  weathered  to  fresh, 
fine  grained  argillite.  A 1-foot  thick  layer  of  decomposed 
rock  was  encountered  at  an  elevation  of  84.9  feet  overlying 
an  extremely  fractured  and  jointed  argillite  from  an  eleva- 
tion of  83.9  feet  to  an  elevation  of  75.9  feet.  Major  drill- 
ing fluid  loss,  estimated  to  be  approximately  1000  gallons  per 
hour,  was  experienced  in  this  upper  and  highly  fractured 
zone.  However,  over  approximately  8 feet  , the  bedrock  grades 
to  a very  sound,  competent  argillite  with  very  few,  widely 
spaced  discontinuities  for  the  remainder  of  the  borehole. 
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Iron  oxide  staining  was  present  in  the  upper  frac- 
tured zone  and  random  calcite  veins  were  associated  with 
healed,  tight  joints. 

The  ability  to  orient  samples  by  the  use  of  the  ISM 
technique  allowed  the  determination  of  the  general  struc- 
tural characteristics  of  the  rock.  The  accuracy  of  these 
structural  determinations  is  not  known,  and  subject  to 
confirmation  during  the  actual  excavation  of  the  Davis 
Square  station. 

The  general  orientation  of  the  bedding  (foliation) 
of  the  argillite  at  the  ISM  location  strikes  north  33 
degrees  west  with  a 12-degree  dip  to  the  southeast.  Sup- 
plemental structural  information  relating  to  the  promi- 
nent discontinuities  within  the  sound  argillite  are  sum- 
marized below: 


APPROXIMATE 


FEATURE 

STRIKE 

DIP 

ELEVATION 

Joint 

N86°E 

55°W 

71 

Joint 

N - S 

15  W 

71.5 

Calcite 

vein 

N30°W 

30°SW 

75 

Calcite 

vein 

N8  W 

55°SW 

72 

The  rock 

core 

recovered  at 

the  Davis 

Square  site 

using  the  ISM  technique  was  photographed  for  future  refer- 
ence, and  the  photograph  is  included  in  Appendix  D,  page 
D-5.  The  results  of  the  ISM  exploration  are  summarized  in 
Appendix  C,  page  C-44. 


9 . 5 GROUND  WATER 

Measurements  made  in  ground  water  observation  wells 
and  piezometers  installed  within  the  Holiday  Inn  test  sec- 
tion indicate  that  there  are  two  distinct  potentiometric 
surfaces.  The  upper  surface  is  associated  with  hydrostatic 
heads  in  the  near  surface  outwash  sand  and  gravel  stratum. 
The  lower  surface  reflects  water  levels  in  the  somewhat  per- 
meable zone  in  the  upper  surface  of  the  fractured  bedrock. 
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The  two  potentiometric  surfaces  are  essentially  isolated 
from  each  other  by  the  relatively  impermeable  marine  clay  and 
glacial  till  strata.  Consequently,  water  levels  measured  in 
the  shallow  wells  may  not  be  the  same  as  water  levels  measured 
in  deep  piezometers. 

During  the  execution  of  the  exploration  program  at  the 
Holiday  Inn  site,  the  tunnel  construction  contractor  initiated 
dewatering  operations  from  a deep  well  installed  in  the  frac- 
tured rock  zone  near  the  site.  Measurements  made  in  the  test 
section  piezometers  and  observation  wells  are  summarized  in 
Table  9-2  and  demonstrate  the  isolation  of  the  two  water 
tables  and  the  effects  of  dewatering  the  lower  permeable  zone. 


TABLE  9-2.  SUMI'IARY  OF  WATER  OBSERVATIONS 
IN  FEET  BELOW  GROUND  SURFACE 


OBSERVATION 

DATE 

NOTE 

TSC16 

(OW) 

(4) 

TSC16 

(PZ) 

TSC17 

(OW) 

TSC18 

(PZ) 

TSC19 

(OW) 

TSC21 

(OW) 

TSC22 

(OW) 

TSC24 

(OW) 

TWl 

(TW) 

TA3 

(PZ) 

TB6 

(PZ) 

GW  8 
(PZ) 

GWll 

(OW) 

May  1979 

(1) 

11.7 

- 

12.0 

12.6 

11.3 

13.0 

10.3 

10.5 

11.3 

10.4 

10.9 

- 

- 

7/26/79 

(2) 

8.3 

38.7 

16.8 

40.5 

10.9 

49.2 

10.6 

18.4 

60.6 

37.6 

62.0 

36.4 

42  + 

8/02/79 

(2) 

9.5 

39.3 

20.1 

42  + 

10.9 

48.6 

10.5 

26.3 

60.3 

38.0 

61.8 

37.6 

42  + 

8/13/79 

(2) 

8.5 

39.5 

23.2 

41.5 

11.2 

49.7 

10.9 

30.3 

60.4 

33.5 

61.7 

36.5 

50.5 

8/20/79 

(2) 

8.6 

40.4 

24.0 

41.7 

11.2 

50.5 

10.8 

30.8 

60.9 

39.0 

- 

38.5 

51.0 

8/28/79 

(2) 

8.3 

40.8 

24.7 

42.3 

11.1 

50.7 

10.9 

31.7 

61.0 

39.3 

61.8 

38.9 

50.9 

9/05/79 

(2) 

8.7 

40.5 

25.1 

43.0 

11.5 

51.2 

11.0 

32.1 

- 

40.2 

62.5 

39.5 

51.4 

9/27/79 

(3) 

8.7 

21.9 

25.7 

22.3 

11.8 

21.0 

11.1 

20.0 

— 

20.7 

20.5 

19.7 

21.5 

10/15/79 

(2) 

8.7 

41.0 

23.4 

43.5 

11.5 

51.4 

11.0 

32.5 

62.0 

39.5 

63.2 

39.6 

51.7 

10/25/79 

(2) 

8.7 

41.4 

22.9 

43.6 

11.6 

51.9 

11.0 

32.5 

— 

- 

62.6 

39.8 

51.6 

NOTES:  (1) 

(2) 

(3) 

(4) 

(5) 


Initial  water  reading  obtained  at  completion  of  the  test  boring. 

Red  Line  construction  pumping  from  dewatering  well  DW5  significantly  lowered 
water  table  in  site  area. 

Pumping  from  DW5  terminated  between  9/14/79  and  10/02/79. 

Observation  well  TSC16  plugged  and  unreliable  observations. 

Subsurface  Exploration  Number  TSC16 
Observation  Well  (OW) 

Piezometer  (PZ) 

Pump  Test  Well  (TW) 


Initial  readings  taken  in  May  1979  indicate  a relatively 
constant  depth  to  ground  water  (10  to  13  feet)  at  all  observa- 
tion wells  and  piezometers.  Subsequent  to  the  start  of  pump- 
ing from  dewatering  well  DW5,  the  water  levels  in  the  deep 
piezometers  dropped  to  depths  of  30  to  40  feet  (TSC  16,  18, 

24)  while  shallow  observation  wells  remained  at  depths  of  8 
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to  12  feet  (TSC  16,  19,  22).  When  dewatering  operations 
were  terminated  during  the  period  14  September  to  2 October 
1979,  rapid  recovery  was  evident  in  deep  piezometers  (TSC 
16,  18,  24)  while  little  or  no  response  was  evident  in 
shallow  observation  wells  (TSC  16,  19,  22). 

The  static  potentiometric  surface  in  both  zones 
ranges  from  elevation  116  to  121  feet.  The  lower  surface 
is  currently  depressed  by  pumping  from  the  fractured  rock, 
whereas, the  upper  surface  remains  relatively  stable.  This 
is  clear  evidence  that  the  two  potentiometric  surfaces  are 
isolated  and  do  not  necessarily  respond  together. 

It  is  unlikely  that  all  water  levels  at  this  test 
section  will  approach  static  conditions  until  after  con- 
struction dewatering  for  the  project  is  complete.  Conse- 
quently, water  level  monitoring  will  reflect  the  intensity 
of  dewatering  activities  from  the  upper  rock  surface,  and 
the  initiation  of  any  dewatering  activities  from  the  upper 
sand  and  gravel  stratum. 
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10. 


COST  ANALYSIS 


10.1  GENERAL 

To  provide  data  on  the  cost  of  exploratory  procedures  as 
implemented  on  this  project,  unit  prices,  execution  time  and 
materials  consumption  were  monitored  closely  and  are  reported 
and  analyzed  in  this  section.  As  with  the  design  of  any  per- 
manent facility,  the  design  of  a subsurface  exploration  pro- 
gram involves  the  subjective  evaluation  of  the  cost  of  parti- 
cular components  versus  the  benefit  that  might  be  derived 
from  the  component. 

The  value  of  a particular  piece  of  information  gained 
with  an  exploratory  technique  is  the  true  measure  of  the  cost 
versus  benefit  of  the  technique.  Value  is  a measure  of  the 
work  attached  to  an  object  or  service.  Therefore,  the  value 
is  subjective  and  depends  on  who  is  using  the  object  or  ser- 
vice and  what  confidence  the  user  has  in  the  product.  The 
level  of  confidence  may  be  defined  as  the  quantity  and  quality 
of  information  (discerned  through  the  use  of  the  exploratory 
technique)  relative  to  the  information  that  is  desired.  Of 
course,  as  more  information  is  obtained,  the  design  is  ad- 
justed to  accommodate  it.  This  increase  in  information  then 
causes  a decrease  in  the  probability  of  occurrence  of  a 
failure . 

Each  exploratory  technique  provides  some  quantity  of 
information  about  subsurface  conditions  which  may  or  may  not 
be  useful  by  itself.  However,  when  combined  with  other  ex- 
ploration techniques,  the  increase  in  subsurface  information 
will  increase  the  confidence  level  of  the  user.  The  risk 
inherent  in  a project  will  also  be  decreased  by  this  increase 
in  information  since  the  risk  is  equal  to  the  product  of  the 
cost  consequences  and  the  probability  of  occurrence. 

Mass  transit  tunneling  usually  occurs  in  an  urban  envi- 
ronment where  failure  to  accommodate  the  subsurface  conditions 
in  design  and  construction  may  effect  not  only  the  tunnel  but 
also  the  adjacent  structures,  utilities,  streets,  and  other 
facilities  above  and  adjacent  to  it.  This  potential  risk 
supports  the  use  of  most  exploration  techniques  capable  of 
providing  relevant  items  of  information,  particularly  in 
areas  of  complex  and  expensive  construction  (cross  passages, 
stations,  mixed-face  conditions,  etc.). 
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The  following  sections  define  and  analyze  the  cost  of 
various  exploratory  techniques  implemented  on  the  MBTA  Red 
Line  project  during  1979.  The  costs  represent  the  value  of 
the  work  for  an  urban  transit  tunneling  project  with  tunnels 
approximately  100  feet  below  ground  surface  in  a profile 
composed  primarily  of  heavily  overconsolidated  glacial  till 
and  rock . 


10.2  EXPLORATION  UNIT  PRICES 

Subsurface  exploration  for  this  study  was  performed  with 
equipment  and  labor  provided  under  a negotiated  contract  with 
local  drilling  contractor  selection  based  on  expertise, 
familiarity  with  local  conditions,  equipment  availability,  and 
previous  satisfactory  performance  on  similar  work.  The  drill- 
ing and  sampling  costs  were  compensated  on  a unit  price  basis 
while  special  testing  and  instrumentation  installation  were 
compensated  on  an  hourly  basis.  The  unit  prices  and  hourly 
rates  are  summarized  in  Table  10-1  and  are  believed  to  repre- 
sent the  fair  value  of  the  work  at  the  time  and  under  the 
conditions  it  was  completed. 

Contractor  selection  based  on  expertise,  experience  and 
equipment  capabilities,  was  found  to  be  for  this  study  and 
similar  projects,  essential  to  the  proper  execution  of  the  work. 
This  is  particularly  true  with  complex  exploration  programs 
involving  numerous  sophisticated  exploratory  procedures. 
Execution  of  sophisticated  procedures  by  inexperienced  per- 
sonnel using  equipment  with  minimal  versatility  can  undermine 
reliability  in  the  procedures.  Similarly,  the  requirement  to 
competitively  bid  exploration  programs,  and  award  to  the  low- 
est bidder,  may  cause  designers  to  omit  more  sophisticated 
procedures  from  exploratory  programs  in  favor  of  more  standard 
procedures,  capable  of  being  performed  by  any  driller,  there- 
by affecting  the  confidence  in  advanced  exploratory  methods. 


10.3  TEST  BORING  COSTS  AND  COST  DISTRIBUTIONS 

For  the  purpose  of  comparative  cost  studies  and  cost 
distribution  studies,  the  test  borings  were  divided  into  four 
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TABLE  10- 1.  SUMMARY  OF  EXPLORATION  UNIT  PRICES 


ITEM  NO. 

DESCRIPTION 

UNIT  PRICE 

QUANTITY 

1 

4"  - 6"  "UNSAMPLED"  OVERBURDEN  AND  ROCK  DRILLING 
PER  FT. 

7.90 

1306.0 

2 

4"  - 6"  "SAMPLED"  OVERBURDEN  DRILLING 
PER  FT. 

12.50 

778.3 

3 

NWD-3  DOUBLE  TUBE  ROCK  CORE 
PER  FT. 

19.00 

131.7 

4 

NWM-3  TRIPLE  TUBE  ROCK  CORE 
PER  FT. 

23.00 

67.1 

5 

2"  SPLIT-SPOON  SAMPLES 
PER  EACH  ATTEMPT 

23.00 

62 

6 

3"  SPLIT- SPOON  SAMPLES 
PER  EACH  ATTEMPT 

26.00 

3 

7 

3"  0.  D.  PITCHER  SAMPLES 
PER  EACH  ATTEMPT 

100.00 

2 

8 

3.5"  0.  D.  DENISON  SAMPLES 
PER  EACH  ATTEMPT 

120.00 

1 

9 

CREW  AND  DRILL  RIG  RATE  FOR  INSTALLING  INSTRUMENTATION 
TESTING,  ETC.  PER  RIG  HOUR 

60.00 

265.75 

10 

WATER  PRESSURE  TEST, 
PER  EACH 

95.00 

4 

llA 

ISM  TESTING  INCLUDING  OVERBURDEN  AND  ROCK 
PER  RIG  HOUR 

68.00 

49.5 

IIB 

ISM  EQUIPMENT  RENTAL, 
LUMP  SUM,  30  DAYS 

4400.00 

LUMP  SUM 

lie 

ISM  TECHNICAL  REPRESENTATIVE 
PER  DAY 

370.00 

2 

IID 

ISM  DIAMOND  BIT  WEAR 
PER  FOOT 

1.00 

13 

12A 

BUFFALO  ROADWAY  BOXES,  5"  DIAMETER 
PER  BOX 

90.00 

9 

12B 

CEMENT 

PER  94  LB. 

5.00 

43 

12C 

2.5"  I.D.  SCHEDULE  40  P.V.C.  FLUSH  JOINT  PIPE 
PER  FT. 

1.65 

1330 

12  D 

2.5"  I.D.  SCHEDULE  40  SLOTTED  P.V.C.  FLUSH  JOINT  PIPE 
PER  FT. 

3.20 

80 

12  E 

3/4"  P.V.C.  SCHEDULE  80  PIPE 
PER  FT. 

0.85 

230 

12  F 

BENTONITE  PI  PELLETS 
PER  50  LB.  BOX 

50.00 

1 

12G 

OTTAWA  SAND 
PER  50  LB.  BAG 

7.50 

1 

12  H 

FINE  "PEA"  GRAVEL 
PER  CUBIC  YARD 

10.00 

2 

121 

CALCIUM  CHLORIDE 
PER  50  LB.  BAG 

10.00 

0 

12J 

COMMON  SAND 
PER  CUBIC  YARD 

10.00 

3 

12  K 

CALCIUM  CARBONATE 
PER  50  LB.  BAG 

3.00 

88 

12  L 

BUFFALO  ROADWAY  BOXES,  2.5"  DIAMETER 
PER  BOX 

15.00 

14 

13 

MOBILIZATION  AND  DISMANTLING 
PER  RIG 

500.00 

2 

14 

MOBILIZATION  AND  DISMANTLING  FOR  "ODEX"  EQUIPMENT 
PER  RIG 

1100.00 

1 

15 

"ODEX"  EQUIPMENT  RATE  FOR  OVERBURDEN  AND  ROCK 
DRILLING,  PER  RIG  HOUR 

125.00 

15 

16 

UTILITY  CLEARANCE,  PERMITS,  INSURANCE,  BONDS 
LUMP  SUM 

1400.00 

LUMP  SUM 
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categories,  depending  on  size  and  complexity  of  sampling 
procedures  as  follows: 

TEST 


BORING 

TYPE 

DESCRIPTION 

TEST  BORINGS 
INCLUDED 

A 

Six-inch  diameter  uncased,  mud 
stabilized  boring  with  detailed 
soil  and  rock  sampling 

TSC 

11/ 

7,  8,  9,  10 
12 

r 

B 

Six-inch  diameter  uncased,  mud 
stabilized  boring  with  standard 
soil  and  rock  sampling 

TSC 

13,  14,  15 

C 

Four-inch  diameter  uncased,  mud 
stabilized  boring  without  sam- 
pling 

TSC 

20, 

16,  17,  18, 
21,  22,  23, 

19, 

24 

D 

Five-inch  diameter  uncased,  mud 
stabilized  boring  without  sam- 
pling 

TSC 

6 

1/  2,  3,  4, 

5, 

Table  10-2  summarizes  the  depth  range,  total  and  "neat" 
costs  for  each  type  of  exploration  and  the  total  and  "neat" 
unit  price  per  foot.  "Neat"  prices  represent  only  the  cost 
of  the  drilling  and  sampling  aspects  of  the  borehole  costs 
and  exclude  instrumentation  costs,  permits,  utility  clearance, 
mobilization  and  dismantling,  police  protection  and  other 
items  not  directly  associated  with  obtaining  subsurface  data. 
It  is  informative  to  note  that  total  footage  costs  range  from 
$19. 41/ft  to  $32t 86/ft,  while  "neat"  costs  range  from  $7.90/ 
ft  to  $16. 87/ft. 

The  distribution  of  costs  for  each  type  of  exploration 
is  summarized  graphically  on  Figures  10-1,  10.-2,  10-3  and 
10-4  for  exploration  types  A through  D,  respectively.  All 
four  types  of  explorations  involved  the  expenditure  of  11.9 
percent  (Type  B Exploration)  to  20.9  percent  (Type  D Explo- 
ration) of  the  costs  toward  technically  non-productive  items, 
such  as  utility  clearances,  permits,  insurance,  bonds,  equip- 
ment mobilization  and  dismantling,  and  the  services  of  police 
officers  for  traffic  control.  The  supply  and  installation 
of  instrumentation  and/or  geophysical  casing  accounts  for 
28.3  percent  (Type  C Explorations)  to  42.7  percent  (Type  B 
Explorations)  of  the  total  borehole  costs.  Actual  drilling 
costs  account  for  29.4  percent  (Type  D Explorations)  to 
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TABLE  10-2.  SUMMARY  OF  STUDY  BOREHOLE  COSTS 
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NOTES : 


1.  PRO-RATED  UTILITY  CLEARANCES,  PERMIT  COSTS,  INSURANCE, 
BONDS,  ETC. 

2.  PRO-RATED  EQUIPMENT  MOBILIZATION  AND  DISMANTLING. 

3.  SERVICES  OF  POLICE  OFFICERS  FOR  TRAFFIC  CONTROL. 

4.  SIX  INCH  DIAMETER,  UNCASED,  MUD  STABILIZED  OVERBURDEN 
DRILLING. 

5.  NWM  AND  NWD  DOUBLE  TUBE,  SOLID  AND  SPLIT  INNER  LINER  ROCK 
CORING. 

6.  SPLIT  SPOON  SAMPLING  CTWO  AND  THREE  INCH  O.D.) 

7.  BOREHOLE  PERMEABILITY  TEST  AND  WATER  PRESSURE  TESTS. 

8.  DENISON  SAMPLING,  PITCHER  SAMPLING  AND  NWM  OVERBURDEN 
CORE  SAMPLING. 

9.  SONDEX  SETTLEMENT  CASING  IN  COMBINATION  WITH  INCLINOMETER 
CASING  AND  ASSOCIATED  MATERIALS. 

10.  EQUIPMENT  AND  CREW  TIME  ASSOCIATED  WITH  INSTALLATION  OF 
INSTRUMENTATION  CASING. 

11.  CEMENT,  BENTONITE,  OTTAWA  SAND,  COMMON  SAND,  GRAVEL, 
ROADWAY  BOXES,  WATERPROOF  SEALANT,  ETC. 

12.  SEE  TABLE  10-2  FOR  DEFINITION  OF  EXPLORATION  TYPES. 


FIGURE  10-1. 


COST  DISTRIBUTION 
TYPE  A EXPLORATIONS 
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NOTES; 

1.  PRO-RATED  UTILITY  CLEARANCES,  PERMIT  COSTS,  INSURANCE, 
BONDS,  ETC. 

2.  PRO-RATED  EQUIPMENT  MOBILIZATION  AND  DISMANTLING. 

3.  SERVICES  OF  POLICE  OFFICERS  FOR  TRAFFIC  CONTROL. 

4.  SIX  INCH  DIAMETER,  UNCASED,  MUD  STABILIZED,  OVERBURDEN 
DRILLING. 

5.  NWM  AND  NWD  DOUBLE  TUBE,  SOLID  AND  SPLIT  INNER  LINER 
ROCK  CORING. 

6.  SPLIT  SPOON  SAMPLING  (TWO  INCH  O.D.) 

7.  TELESCOPING  SETTLEMENT/ I NCL I NOMETER  CASING. 

8.  EQUIPMENT  AND  CREW  TIME  ASSOCIATED  WITH  INSTALLATION  OF 
INSTRUMENTATION  CASING. 

9.  CEMENT,  BENTONITE,  COMMON  SAND,  GRAVEL,  ROADWAY  BOXES, 
WATERPROOF  SEALANT,  ETC. 

10.  SEE  TABLE  10-2  FOR  DEFINITION  OF  EXPLORATION  TYPES. 


FIGURE  10-2.  COST  DISTRIBUTION 

TYPE  B EXPLORATIONS 
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notes: 

1.  PRO-RATED  UTILITY  CLEARANCES,  PERMIT  COSTS,  INSURANCE, 
BONDS,  ETC. 

2.  PRO-RATED  EQUIPMENT  MOBILIZATION  AND  DISMANTLING. 

3.  SERVICES  OF  POLICE  OFFICERS  FOR  TRAFFIC  CONTROL. 

4.  FOUR  INCH  DIAMETER  UNSAMPLED,  UNCASED,  MUD  STABILIZED, 
OVERBURDEN  AND  ROCK  DRILLING. 

5.  GROUNDWATER  OBSERVATION  WELL  AND  PIEZOMETER  MATERIALS, 
ASSEMBLY  AND  INSTALLATION. 

6.  TEMPORARY  P.V.C.  CASING  INSTALLED  TO  FACILITATE  GEOPHYSICAL 
SURVEYS. 

7.  EQUIPMENT  AND  OVERTIME  ASSOCIATED  WITH  INSTALLATION  OF 
GEOPHYSICAL  CASING. 

8.  CEMENT,  BENTONITE,  OTTAWA  SAND,  COMMON  SAND,  GRAVEL, 

ROADWAY  BOXES,  WATERPROOF  SEALANT,  ETC. 

9.  CEMENT  GROUTING  OF  PIEZOMETERS,  OBSERVATION  WELLS  AND 
ABANDONED  GEOPHYSICAL  HOLES. 

10.  SEE  TABLE  10-2  FOR  DEFINITION  OF  EXPLORATION  TYPES. 


FIGURE  10-3. 


COST  DISTRIBUTION 
TYPE  C EXPLORATIONS 
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NOTES: 

1.  PRO-RATED  UTILITY  CLEARANCES,  PERMIT  COSTS,  INSURANCE, 
BONDS,  ETC. 

2.  PRO-RATED  EQUIPMENT  MOBILIZATION  AND  DISMANTLING. 

3.  SERVICES  OF  POLICE  OFFICERS  FOR  TRAFFIC  CONTROL. 

4.  FIVE  INCH  DIAMETER  UNSAMPLED,  UNCASED,  MUD  STABILIZED, 
OVERBURDEN  DRILLING. 

5.  P.V.C.  MECHANICAL/ELECTRICAL  SETTLEMENT  CASINGS  AND 
ASSOCIATED  MATERIALS. 

6.  EQUIPMENT  AND  CREW  TIME  ASSOCIATED  WITH  INSTALLATION 
OF  INSTRUMENTATION  CASING. 

7.  CEMENT,  BENTONITE,  COMMON  SAND,  GRAVEL,  ROADWAY  BOXES, 
WATERPROOF  SEALANT,  ETC. 

8.  SEE  TABLE  10-2  FOR  DEFINITION  OF  EXPLORATION  TYPES. 


FIGURE  10-4.  COST  DISTRIBUTION 

TYPE  D EXPLORATIONS 
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43.2  percent  (Type  A Explorations)  of  the  total  with  sam- 
pling costs  ranging  from  zero  percent  (Type  C and  D Explo- 
rations) to  14.9  percent  (Type  A Explorations). 

By  installing  instrumentation  casing  in  completed  bore- 
holes for  use  at  a later  date  for  construction  monitoring, 
the  costs  of  redrilling  the  borehole  or  drilling  a new  hole 
v/ere  eliminated.  As  may  be  noted  from  the  cost  distribution 
data,  drilling  costs  and  associated  technically  non-productive 
costs  are  a substantial  portion  of  the  total  exploration  costs 
To  incur  these  drilling  costs  twice  would  substantially 
increase  the  total  cost  of  the  program  without  increasing  its 
value. 

Based  on  the  cost  distribution  data,  it  may  be  concluded 
that  the  principal  elements  of  cost  which  comprise  the  explora 
tion  program  are: 

a.  Drilling  (hole  advancement) 

b.  Instrumentation/geophysical  casing  supply  and 
installation 

c.  Technically  non-productive  work. 

Sampling  procedures,  whether  standard  or  advanced,  ac- 
count for  a small  percentage  of  the  total  costs.  Therefore, 
if  significant  advances  are  to  be  made  in  reducing  the  cost 
of  exploration  programs,  the  principal  efforts  should  be 
directed  toward  hole  advancement  methods. 


10.4  ODEX  ™ DRILLING 

Percussion  drilling  using  an  ODEX-type  system  has  the 
potential  to  rapidly  advance  drill  holes,  thereby  making 
available  more  observation  points  at  low  cost  for  use  with 
indirect  exploratory  procedures.  Although  the  system  was 
found  to  be  incompatible  with  the  soil  conditions  and  environ- 
mental restraints  on  this  project,  the  investigators  believe 
that  the  system  (possibly  with  modifications)  can  provide 
cost-effective  exploration  in  a compatible  environment. 

The  average  footage  costs  for  the  ODEX  drilling  on 
this  study  based  on  the  total  project  billing  associated  with 
the  work  was  $44  per  foot.  Deducting  the  lum.p  sum  mobiliza- 
tion and  dismantling  costs  ($1,100)  and  non-productive  time 
charges,  the  actual  drilling  costs  v/ere  $20  per  foot.  The 
cost  is  considerably  greater  than  the  unit  price  of  $7.90  per 


10-10 


foot  for  conventionally  drilled  holes  (Table  10-1) . How- 
ever, application  of  the  ODEX  system  in  more  compatible 
soils  could  drastically  reduce  this  average  footage  cost. 


10.5  INTEGRAL  SAMPLING  METHOD  (ISM)  DRILLING 

The  ISM  procedure  for  rock  coring  is  not  intended  to  be 
cost  competitive  with  conventional  rock  coring  methods . The 
value  of  the  procedure  is  in  its  capability  to  totally  recover 
rock  which  could  not  be  recovered  using  other  more  convention- 
al methods. 

The  study  costs  for  conducting  ISM  were  calculated  based 
on  a lump  sum  minimal  monthly  rate  of  $4,400  for  all  equip- 
ment, materials  and  supplies.  The  actual  drilling  time  was 
compensated  on  an  hourly  basis  of  $68.00  per  crew  hour.  In 
addition,  the  Sprague  and  Henwood  technical  representative 
was  reimbursed  at  $370.00  per  day. 

During  the  6-day  working  period  at  the  Davis  Square 
site,  50  feet  of  overburden  was  penetrated  and  13 
feet  of  ISM  rock  coring  was  completed  in  three  separate  core 
runs . 


Converting  the  production  and  associated  costs  to  a 
linear  foot  basis,  the  cost  of  ISM  coring  for  this  study, 
calculated  as  the  total  cost  associated  with  drilling  the 
rock,  (including  mobilization,  permits,  bonds,  overburden 
drilling  and  technical  representative  services)  divided  by 
the  length  of  rock  cored,  is  approximately  $570  per  foot. 
These  high  costs  are  due  in  part  to  the  minimum  1-month 
equipment  rental  fee  of  $4,400.  Projecting  these  figures  to 
a daily  average  production  rate  of  5 feet  per  day  for 
20  days,  an  average  linear  footage  rate  of  about  $150  may 
be  expected  on  a long-term  project.  If  the  technique  and 
set  time  for  the  grouting  phase  could  be  refined  to  permit 
drilling  two  runs  per  day,  the  unit  price  per  foot  would  be 
reduced  to  approximately  $75.00  per  foot.  The  calculated 
linear  footage  rate  for  the  Harvard  Square  ISM  work  conducted 
in  June  1977  varied  from  $75  to  $110  per  foot. 


10.6  GEOPHYSICAL  SURVEYS 

Geophysical  techniques  may  provide  information  not  di- 
rectly available  from  a standard  exploratory  boring.  This 
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information  includes  measures  of  porosity  and  permeability, 
shear  and  compressional  seismic  wave  velocities,  and  sub- 
sequently, the  elastic  constants.  The  techniques  may  also 
confirm  information  initially  observed  in  an  exploratory 
boring,  such  as  lithology,  lithologic  boundaries,  and  infor- 
mation on  the  size  and  lateral  extent  of  faults,  joints, 
fractures,  and  shear  zones. 

The  geophysical  investigation  undertaken  for  this  study 
consisted  of  three  different  borehole  methodologies:  seismic, 

electrical,  and  nuclear.  The  field  work  of  two  of  the  methods 
(seismic  and  nuclear)  was  accomplished  with  third-party  con- 
tracts. The  electric  logging  was  accomplished  by  in-house 
personnel. 

The  principal  reason  for  conducting  geophysical  logging 
is  to  gain  information  between  boreholes  (correlation)  and  to 
confirm  existing  information*  A logical  corollary  is  that 
fewer  borings  are  needed  in  an  investigation. 

The  resolution  of  the  different  geophysical  methods  is 
variable  and,  except  for  the  seismic  crosshole  technique, 
limited  in  lateral  extent.  Because  of  this,  a subjective 
decision  is  made,  within  a specific  geologic  environment  as 
to  the  spacing  of  borings  when  using  geophysical  correlation 
techniques.  However,  in  most  cases,  the  spacing  of  the  bor- 
ings could  be  increased,  thereby  eliminating  some  of  them. 

Conducting  geophysical  logging  in  an  urban  environment 
(the  locale  of  most  mass-transit  tunneling)  has  an  impact  on 
the  cost.  This  is  clearly  seen  with  the  nuclear  logging.  A 
total  of  3 days  was  needed  to  complete  the  logging  opera- 
tion, although  the  total  time  spent  logging,  including  on- 
site mobilization,  was  only  16  hours.  Other  costs,  ancil- 
lary to  any  geophysical  survey  in  an  urban  area,  include 
traffic  control,  operating  and  material  permits,  and  police 
protection. 


10.6.1  Nuclear  Logging 

The  cost  of  the  nuclear  logging,  including  the  data 
digitization  and  computer  time  was  $12,600.  The  mobilization 
of  the  personnel  and  equipment  was  costly  and  above  the  norm 
because  of  the  distance  involved  (Washington  to  Massachusetts) . 
Adjusting  the  cost  because  of  this  anomaly  indicates  a more 
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realistic  figure  of  $10,200.  This  cost  is  about  $5.70  per 
foot  of  borehole  logged. 


10.6.2  Seismic  Survey 

The  cost  of  the  seismic  crosshole/uphole  investigation 
including  data  collection,  interpretation,  and  the  preparation 
of  a report  was  $10,000.  Because  the  seismic  methods  produce 
information  about  the  materials  between  the  borings  rather 
than  at  the  borings,  the  method  is  not  amenable  to  a cost-per- 
foot  comparative  price. 


10.6.3  Electrical  Logging 

Although  the  electric  logging  was  accomplished  by  in- 
house  personnel  and  by  using  in-house  equipment,  a price  can 
be  calculated.  For  logging  15  borholes  to  a depth  of  100± 
feet,  the  cost  is  estimated  at  $4,070.  This  price  includes 
the  cost  of  logging  unit,  a CISCO  R-93™  Electric  Logging 
System,  similar  to  the  unit  actually  used.  The  cost  of  the 
manpower  to  log  fifteen  100±  foot  boreholes  is  about  $560. 
This  cost  is  for  a 2-man  crew  consisting  of  a geologist  and 
a laborer. 
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11.  CONCLUSIONS 


11.1  GENERAL 

This  section  presents  principal  conclusions  with  respect 
to  the  application  and  performance  of  the  methods  of  sub- 
surface explorations  studied  during  this  investigation.  The 
conclusions  are  based  on  performance  on  an  actual  urban 
rapid  transit  tunnel  project  at  the  site  of  mixed-face  tunnel- 
ing conditions. 

The  site  is  considered  to  represent  a typical  urban 
area  with  the  test  section  located  under  a major  four-lane 
divided  street,  with  masonry  and  wood  frame  structures  abut- 
ting both  sides  of  the  street. 

The  majority  of  the  methods  were  evaluated  in  relation 
to  a mixed-face  tunneling  condition  at  a depth  of  approxi- 
mately 100  feet  below  ground  surface.  Overburden  soils  con- 
sisted primarily  of  saturated,  very  dense,  glacial  till  con- 
taining cobbles  and  boulders.  The  bedrock  unit  consisted  of 
a partially  metamorphosed  shale  (argillite)  which  has  been 
intruded  by  major  igneous  dikes  (diabase) . 

While  several  of  the  methods  employed  during  this  study 
were  unsuccessful  in  the  soil  conditions  at  the  Holiday  Inn 
test  section,  similar  applications  in  more  compatible  soil 
conditions  would  be  expected  to  yield  even  more  favorable 
results  without  equipment  or  procedural  modifications.  ISM 
rock  sampling  was  conducted  at  the  Davis  Square  test  section 
which  presented  more  variable  rock  conditions.  Where  the 
need  for  equipment  modifications  were  evident  during  field 
evaluations,  appropriate  recommendations  are  presented. 


11.2  OVERBURDEN  DRILLING 


11.2.1  Conventional  Drilling 


The  selection  of  the  most  economical  and  satisfactory 
method  of  overburden  drilling  involves  an  evaluation  of  nu- 
merous hole  advancement  and  stabilization  techniques  with 
consideration  for  the  formations  to  be  penetrated  and  the 
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samples  to  be  obtained.  No  single  method  of  drilling  will 
prove  satisfactory  and  economical  for  all  formations  and 
sampling  requirements. 

For  the  subsurface  conditions  investigated  during  this 
study,  rotary  drilled  exploratory  holes  temporarily  stabilized 
with  biodegradeable  mud,  (subsequently  stabilized  during 
geophysical  surveys  with  PVC  casing)  was  found  most  economical, 
with  satisfactory  performance. 

11.2.2  ODEX  ™ Drilling 

The  ODEX  system  (Section  7.3.2)  utilized  air-operated, 
percussion  rock  drilling  equipment  with  specialized  eccentric 
drill  bits  to  advance  a hole  and  simultaneously  advance  heavy- 
duty  steel  casing.  The  percussion  aspects  of  the  system 
allow  rapid  penetration  of  dense  soils,  obstructions  and 
boulders  not  possible  with  conventional  rotary  drilling 
methods . 

The  ODEX  system,  which  is  a proven  technology  in  other 
applications,  has  the  capability  of  remarkably  rapid  advance- 
ment of  boreholes  without  sampling,  in  compatible  soils. 

The  system  has  the  potential  to  provide  economical,  unsampled, 
casing  stabilized  boreholes  suitable  for  use  as  supplemental 
geophysical  holes,  instriamentation  installations,  or  other 
unsampled  requirements. 

The  ODEX  bit,  reamer  and  flushing  mechanism  were  found 
to  be  incompatible  with  the  glacial  tills  in  the  test  sec- 
tion. The  silt  and  clay  content  of  the  soils  below  the 
groundwater  table  repeatedly  plugged  the  bit,  thereby  signi- 
ficantly reducing  the  penetration  rates.  The  system  does 
not  appear  to  be  compatible  with  saturated  soils  containing 
significant  clay  and  silt  fractions. 

The  noise  level  of  the  equipment  was  found  to  be  sig- 
nificantly greater  as  compared  to  standard  test  boring  equip- 
ment, with  the  result  that  several  complaints  were  received 
during  drilling  for  this  study.  The  use  of  a down-the-hole 
hammer,  which  was  not  available  during  this  study,  would  re- 
duce noise  levels.  In  the  manner  the  equipment  was  used 
during  this  study,  the  noise  levels  were  found  to  be  incom- 
patible with  an  urban  environment. 
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11.3  OVERBURDEN  SAMPLING 


11.3.1  Conventional  Sampling 

The  open  drive  "split-spoon"  sampler  and  the  asso- 
ciated Standard  Penetration  Test  retains  its  time-honored 
position  as  the  primary  method  of  obtaining  representative 
soil  samples  for  geotechnical  engineering  analysis.  Acknowl- 
edged inconsistencies  and  limitations  in  the  procedures  do 
not  decrease  its  practical  importance  for  obtaining  approxi- 
mate comparisons  of  geological  conditions. 

For  this  study,  the  Standard  Penetration  test  was 
modified  to  accommodate  the  high  density  of  the  overburden 
soils.  The  standard  2.0-inch  O.D.  sampler  was  driven  with 
a 300-pound  weight  falling  24  inches  versus  the  conventional 
140-pound  weight  falling  30  inches.  Satisfactory  samples 
were  recovered  using  this  procedure  although  penetration 
resistances  were  consistently  well  above  the  range  of  any 
empirical  correlations. 


TM 

11.3.2  Denison  Sampling 

The  Denison  Sampler  (Section  7. 4. 3.1)  is  designed  to 
recover  undisturbed,  thinwall  samples  in  glacial  tills,  par- 
tially cemented  soils,  soft  or  weathered  rock,  hard  clays 
or  other  very  competent  soils.  The  sampler  consists  of  a 
double-tube,  swivel-type  core  barrel  with  a non-rotating 
inner  thinwall  steel  or  brass  liner  designed  to  retain  the 
sample  during  penetration  and  subsequent  transportation. 

The  Denison  Sampler  met  with  limited  success  due  to 
the  presence  of  cobbles  and  boulders  in  the  glacial  till 
deposits.  The  core  barrel  was  found  to  be  incapable  of  cor- 
ing the  granitic  boulders  in  the  till.  Therefore,  on  most 
attempts,  penetration  was  obstructed  and  recovery  was  very 
poor,  or  non-existent. 

TM 

11.3.3  Pitcher  Sampling 

The  Pitcher  Sampler  (Section  7. 4. 3. 2)  is  a modifica- 
tion of  the  Denison  sampler  and  was  also  developed  to  recover 
undisturbed  thinwall  samples  in  formations  which  are  too 
dense  for  conventional  thinwall  sampler  penetration.  The 
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sampler  consists  of  a single  tube,  swivel-type  core  barrel 
with  a self-adjusting,  spring-loaded,  inner  thinwall  sample 
tube  which  telescopes  in  and  out  of  the  cutter  bit  as  the 
hardness  of  the  formation  varies. 

The  telescoping  liner  aspect  of  the  Pitcher  sampler 
prevented  damage  of  the  sample  tube,  but  it,  like  the  Denison 
samplers,  was  incapable  of  coring  the  granitic  boulders  in 
the  till  when  encountered. 


11.3.4  Diamond-Bit  Rotary  Core  Barrel  Sampling 

Diamond-bit  rotary  core  barrel  sampling  is  a sampling 
procedure  normally  associated  with  rock  coring.  Due  to  the 
density  and  cobble  content  of  the  glacial  till  in  the  test 
section,  diamond-bit  sampling  was  used  with  success  in  re- 
covering samples  of  glacial  till. 

A diamond-bit  equipped,  split-inner  liner,  double-tube 
core  barrel  was  used  with  success  in  penetrating  all  elements 
comprising  the  glacial  till.  There  was  a tendency  of  the 
bit  to  plug  in  the  finer  portions  of  the  formation,  thereby 
restricting  flow  of  cooling  water  and  increasing  bit  wear 
and  damage.  However,  as  a result  of  recent  developments  in 
core  barrel  design  to  minimize  sample  disturbance,  relatively 
good  quality  samples  were  recovered  with  this  tool. 

Diamond-bit  rotary  core  barrel  sampling  using  double- 
tube, split-inner  liner  core  barrels  was  found  to  be  an  effec- 
tive overburden  sampling  device  for  obtaining  samples  in  a 
formation  which  is  excessively  dense  and  contains  a substan- 
tial percentage  of  cobbles  and  boulders. 


11.4  ROCK  SAMPLING 


11.4.1  Diamond-Bit  Rotary  Core  Barrel  Sampling 

Diamond-bit  rotary  rock  core  sampling  continues  to  be 
the  primary  method  of  investigating  the  characteristics  of 
rock  masses.  Recent  developments  in  core  barrel  design  have 
improved  sample  recovery  and  minimized  disturbance  associated 
with  removal  of  the  sample  from  the  barrel. 
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11.4.1.1  Double-Tube  Solid  Core  Barrel  - Double-tube  core 
barrels  consist  of  a conventional  rotary  core  barrel  with  a 
separate  and  additional  inner  liner  which,  with  swivel-type 
construction,  can  remain  stationary  while  the  outer  barrel 
rotates.  Double-tube  core  barrels,  NX  size  or  larger, 
operated  by  experienced  drillers,  are  capable  of  recovering 
representative  samples  of  most  formations.  The  method  of 
removing  the  sample  from  the  core  barrel  consists  of  shaking 
it  out  of  the  bottom  of  the  barrel  into  the  core  box  with 
resulting  disturbance. 


11.4.1.2  Double-Tube  Split  Core  Barrel  - Recent  improvements 
in  core  barrel  design  have  resulted  in  the  availability  of 
double-tube  barrels  with  split-inner  liners  (Section  7.5.1). 
Sample  disturbance  is  minimized  since  the  inner  liner,  con- 
taining the  sample,  may  be  removed  from  the  core  barrel  and 
opened  by  removing  one  half  of  the  liner  which  is  split 
longitudinally . 


11.4.1.3  Triple-Tube  Core  Barrel  - The  third  and  most  recent 
advancement  in  rotary  core  barrel  design  is  the  triple-tube 
core  barrel  (Section  7.5.2)  which  adds  another  separate,  non- 
rotating liner  to  the  double-tube  core  barrel.  This  liner, 
which  retains  the  sample,  consists  of  a clear  plastic  solid 
tube  or  a split,  thin-metal  liner.  The  inner  liner,  con- 
taining the  sample,  may  be  completely  removed  from  the  core 
barrel  and  transported  to  the  laboratory  for  examination  and 
testing. 

Excellent  quality  samples  were  recovered  with  both  the 
double-tube  split,  and  triple-tube  core  barrels. 


11.4.2  Integral  Sampling  Method  (ISM) 

The  Integral  Sampling  Method  (Section  7.5.3)  is  a pro- 
cedure of  rock  coring  which  employs  specialized  drilling 
equipment  to  recover  oriented  and  reinforced  rock  core  sam- 
ples using  an  overcoring  technique.  The  method  is  applicable 
for  investigation  of  fractured  rock  formations  which  cannot 
be  recovered  with  more  conventional  techniques. 

Although  the  application  of  the  ISM  was  limited  during 
this  study,  it  appears  that  highly  fractured,  open- jointed 
rock  may  be  beyond  the  present  capabilities  of  the  technique, 
or  modifications  to  the  current  equipment  and  procedures  may 
be  required. 
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The  following  deficiencies  are  evident  in  the  method 
as  it  currently  exists: 

a.  In  highly  fractured,  open- jointed  formations,  the 
rock  has  a tendency  to  collapse  into  the  pilot  hole,  jamming 
or  plugging  the  pilot  bit.  Water  ports  in  the  RWT  bit  were 
enlarged  for  this  study,  improving  performance.  The  use  of 
non-coring,  solid,  pilot  bits  may  be  advantageous  in  future 
similar  applications. 

b.  The  injection  of  the  reinforcing  grout  is  accom- 
plished through  the  bottom  of  a solid  grout  tube.  The  grout 
must,  therefore,  flow  up  the  outside  of  the  tube  to  reach 
portions  of  the  formation  near  the  top  of  the  core  run.  The 
addition  of  drilled  holes  in  the  grout  tube  throughout  its 
length  would  improve  grout  distribution. 

c.  The  grout-reinforcing  tube,  as  supplied  by  the 
patent  licensee,  is  a smooth  steel  pile.  Grout  bond  to  the 
pipe  was  found  to  be  poor.  The  addition  of  deformations,  or 
grout  holes  described  above,  would  improve  bond  characteris- 
tics . 


d.  Considerable  field  experience  is  required  to  determine 
the  optimum  grout  mix,  grouting  methods,  etc.  to  permit 
recovery  of  open- jointed  formations. 

With  continued  modifications  and  improvements  in  the 
equipment  and  increased  familiarization  with  techniques,  this 
exploration  method  will  provide  information  concerning  in- 
situ  rock  properties  in  poor  quality  formations  which  cannot 
be  obtained  by  other  methods. 


11.5  GEOPHYSICAL  INVESTIGATIONS 


11.5.1  Nuclear  Logging 

Nuclear  or  radioactive  logging  (Section  7.6.2)  meas- 
ures and  records  the  natural  or  artificially  produced  forma- 
tion radiations  in  an  open  or  cased,  fluid-filled  borehole. 

A variety  of  nuclear  logging  techniques  can  provide  informa- 
tion on  interborehole  stratigraphy,  formation  anomalies  and 
highly  permeable  zones.  Nuclear  logging  not  only  requires 
special  permits  and  licenses,  but  very  sophisticated 
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electronic  recording  equipment  and  the  expertise  to  conduct 
the  work  and  to  evaluate  the  information.  At  present,  only 
a few  organizations  in  the  United  States  are  capable  of 
conducting  nuclear  borehole  logging  for  geotechnical  engineer- 
ing purposes. 

The  nuclear  logging  information  obtained  as  a part  of 
this  study  closely  substantiated  the  correlation  explora- 
tions, in  addition  to  further  defining  stratigraphy  and  local 
anomalies  which  were  not  detected  by  conventional 
explorations . 

Nuclear  logging  was  found  to  be  rapidly  and  easily 
executed  in  the  urban  environment.  However,  as  with  any  bore- 
hole logging  technique,  the  method  requires  that  a borehole 
be  available.  Considering  the  high  fixed  costs  of  mobiliza- 
tion, utility  clearances,  police  protection,  etc.,  as  compared 
to  the  cost  of  borehole  advancement  and  the  minimal  cost  of 
sampling,  it  appears  impractical  to  advance  a hole  without 
sampling.  Therefore,  nuclear  logging  must  be  justified  based 
on  its  capability  to  detect  anomalies  between  samples  or  to 
measure  properties  not  otherwise  determined,  at  least  until 
a rapid  and  economical  method  is  developed  to  advance  an  un- 
sampled hole  solely  for  use  in  geophysical  borehole  logging. 


11.5.2  Electric  Logging 

Electrical  borehole  logging  (Section  7.6.3)  is  used  to 
monitor  various  inherent  electrical  properties  of  a geological 
formation  in  uncased,  fluid-filled  holes.  The  resistivity  and 
spontaneous  potential  properties  which  are  recorded  can  be 
useful  in  determining  changes  in  formation  composition  and 
thickness  and  to  provide  interborehole  correlations.  Although 
electrical  borehole  logging  is  widely  used  in  petroleum 
exploration,  it  has  not  met  with  wide  acceptance  in  the  engi- 
neering field.  The  uncased  borehole  requirement  may  be  diffi- 
cult to  maintain  on  deep  explorations  and  site  electrical 
interference  can  prevent  good  log  repeatability.  Both  of 
these  problems  were  experienced  during  this  study,  which  pre- 
vented the  evaluation  and  correlation  of  the  information  with 
any  degree  of  accuracy.  Design  modifications  appear  to  be 
necessary  in  the  equipment  before  electrical  borehole  logging 
is  an  applicable  exploration  tool  in  urban  environments. 


11.5.3  Signal  Enhanced  Seismic  Velocity  Surveys 

Seismic  borehole  investigations  (Section  7.6.4)  are 
initiated  to  obtain  a measurement  of  the  transit  time  of 


11-7 


compressional  and  shear  seismic  waves  between  boreholes  which 
are  used  in  calculating  the  engineering  properties  (Poisson's 
Ratio  and  Young's  Modulus)  of  the  materials  through  which  the 
waves  pass.  In  addition,  supplementary  information  is 
obtained  for  interborehole  formation  correlation  purposes  and 
the  locating  of  major  anomalies. 

Conducting  seismic  crosshole/uphole  surveys  in  heavily 
populated  urban  environments  has  generally  obtained  only 
limited  success  due  to  high  level  ground  vibrations  and  am- 
bient noise  levels  which  prevent  accurate  signal  detection. 

For  this  project,  the  application  of  recently  developed, 
light  weight  and  highly  portable  multiple  channel,  signal 
enhancement  seismograph  equipment,  was  successful  in  obtain- 
ing excellent  data  corroborated  by  conventional  sampling  and 
testing  techniques.  A sufficient  number  of  data  channels 
are  included  in  the  system  so  that  multiple  field  positions 
can  be  occupied  for  simultaneous  recording,  making  each  sur- 
vey result  more  efficient  and  reliable  because  of  the  ability 
to  collect  redundant  readings. 

The  use  of  a single  electric  blasting  cap  as  an  im- 
pulse source  was  found  to  be  completely  adequate  and  conve- 
nient for  signal  transmission  up  to  150  feet  in  the  soils 
examined. 

The  noise  levels  from  heavy  street  traffic  above  the 
elevations  investigated  were  minimized  by  the  subsurface  con- 
ditions. The  stratum  of  fill  and  sand  above  the  groundwater 
table  tended  to  insulate  the  zone  being  investigated  from  a 
more  difficult  noise  condition.  In  urban  areas,  where  more 
difficult  noise  conditions  exist,  signal  enhancement  capabili- 
ties could  be  a pre-requisite  for  successful  seismic  surveys. 


11.6  RESEARCHED  EXPLORATORY  TECHNIQUES 


11.6.1  Horizontal  Drilling 

Horizontal  borehole  drilling  techniques  are  in  various 
stages  of  development  as  a potential  alternative  exploration 
method  to  vertical  borings.  Continuous  horizontal  sampling 
along  the  tunnel  alignment  will  minimize  geologic  unknowns 
and  can  be  accomplished  during  the  final  design  stage  and/or 
during  the  actual  construction  of  a tunnel  to  assist  in  lo- 
cating a variety  of  geological  hazards  beyond  the  tunnel 
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heading.  Horizontal  alignment  drilling  could  provide  in- 
valuable information  at  locations  where  the  geological  struc- 
ture is  primarily  vertical,  the  proposed  structure  is  very 
deep  underground,  or  in  heavily  developed  urban  areas  where 
surface  access  and  disruption  would  be  a major  consideration. 

As  with  any  newly  developing  technique,  difficulties 
remain.  Principal  problem  areas  include  direction  control, 
penetration  rates,  lack  of  experienced  drillers  and  equipment 
designed  to  perform  the  work.  At  present,  the  major  disad- 
vantage of  horizontal  drilling  is  the  excessive  costs,  which 
are,  in  part,  due  to  its  low  demand  as  a viable  exploration 
tool.  However,  with  continuing  developments  and  improvements 
in  the  equipment  and  methodology  and  increasing  driller 
familiarization  with  the  techniques,  it  is  believed  that 
horizontal  drilling  will  be  a very  valuable  and  economical 
exploration  tool  for  transit  tunneling  projects. 


11.6.2  Thermometric  Surveys 

Thermometric  or  temperature  surveying  is  a geophysical 
logging  method  which  records  the  borehole  temperature  versus 
depth  and  is  used  in  locating  zones  of  ground  water  flow, 
formation  boundaries,  cavities,  gas,  zones  of  hydraulic 
fracturing  and  other  specialized  applications. 

Borehole  thermometric  surveying  has  been  widely  used 
in  the  ground  water  exploration  industry  for  over  15  years, 
but  has  had  little  application  in  the  field  of  geotechnical 
engineering.  Thermometric  logging  can  be  conducted  very 
rapidly  with  portable  equipment  for  reasonable  costs. 

As  with  any  geophysical  method,  successful  interpreta- 
tion requires  experience  and  a thorough  understanding  of  the 
geological  conditions.  When  properly  used  and  evaluated, 
thermometric  logging  can  be  a valuable  technique  in  further 
defining  a variety  of  geotechnical  parameters. 


11.6.3  Acoustic  Explorations 

Acoustic  explorations  may  be  grouped  into  three 
categories : 

a.  Acoustic  Borehole  Logging 

b.  Acoustic  Emission  Monitoring 

c.  Acoustic  Soundings 
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11.6.3.1  Acoustic  Borehole  Logging  - Acoustic  borehole  log- 
ging consists  of  recording  the  transit  time  that  is  required 
for  a compressional  sound  wave  to  pass  through  a formation. 
Data  are  interpreted  by  a computer  to  determine  compres- 
sional and  shear  wave  velocities,  interborehole  lithology, 
structure,  discontinuities  and  porosity. 

Several  types  of  acoustic  velocity  systems  are  avail- 
able and  are  commonly  used  in  the  petroleum  industry;  others 
are  still  in  the  experimental  stages  but  show  good  potential 
for  future  use  in  geotechnical  engineering. 

All  of  the  acoustic  borehole  logging  techniques  re- 
quire very  sophisticated  field  logging  equipment,  computer 
assisted  interpretation,  and  highly  trained  personnel. 


11.6.3.2  Acoustic  Emission  Monitoring  - Acoustic  Monitoring 
consists  of  amplifying  subaudible  sound  waves  referred  to 
as  acoustic  emissions,  which  are  generated  by  formation  in- 
stabilities. The  monitoring  of  acoustic  emissions  in  shallow 
boreholes  can  give  early  warning  to  potential  deformations 
and  failures  in  underground  openings,  quarries,  beneath  dams, 
and  behind  retaining  walls. 


11.6.3.3  Acoustic  Soundings  - Acoustic  soundings  combine 
conventional  air-operated  percussion  rock  drilling  equipment 
with  an  acoustic  monitoring  unit.  A geophone  attached  to 
the  monitoring  unit  is  installed  into  known  bedrock.  As  the 
percussion  drill  penetrates  the  overburden  material,  sound 
levels  are  monitored  and  the  top  of  sound  bedrock  can  be 
identified  by  the  increased  sound  transmission.  Although 
somewhat  limited  in  depth  in  overburden  materials,  the  drill 
rig  can  penetrate  the  most  difficult  materials  very  rapidly, 
eliminating  the  need  for  costly  conventional  rock  core  bor- 
ings when  they  are  only  required  to  define  the  surface  of 
the  bedrock . 


11.7  COSTS 

Section  10  of  this  report  deals  with  costs,  both  in 
terms  of  current  unit  prices  for  exploration  techniques,  and 
cost  distribution  for  exploratory  work.  It  is  significant 
to  observe  from  the  cost  data  the  following: 
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a.  Total  footage  costs  for  exploratory  holes  drilled 
at  the  test  section  ranged  from  $19. 41/foot  to  $32. 86/foot. 

Only  41  to  51  percent  of  the  total  costs  were  associated 
with  actual  hole  advancement  and  sampling.  The  balance  of 
the  costs  are  attributed  to  temporary  or  permanent  PVC 
casing,  utility  clearance  and  permits,  mobilization/dis- 
mantling, police  protection,  and  miscellaneous  materials. 

b.  All  four  types  of  explorations  used  in  the  test 
section  involved  the  expenditure  of  11.9  percent  (Type  B 
borings)  to  20.9  percent  (Type  D borings)  of  the  costs  to- 
ward technically  non-productive  items  such  as  utility  clear- 
ances and  permits,  police  protection,  and  equipment 
mobilization  and  dismantling. 

c.  Even  the  most  intensive  sampling  procedures 
accounted  for  less  than  15  percent  of  the  total  borehole 
costs . 

In  consideration  of  the  high  fixed  costs  associated 
with  drilling  an  exploratory  hole  in  an  urban  environment,  it 
is  essential  that  the  maximum  amount  of  relevant  information 
be  extracted  from  each  hole.  Therefore,  all  holes  should 
be  fully  sampled  with  appropriate  in-situ  testing. 

Until  such  time  as  equipment  and  procedures  are  devel- 
oped to  permit  rapid  and  economic  advancement  of  supplemental 
unsampled  holes,  all  explorations  in  urban  areas  will  continue 
to  be  advanced  with  appropriate  sampling  procedures.  Under 
such  circumstances,  indirect  borehole  logging  procedures, 
including  many  of  the  geophysical  methods,  must  be  justified 
based  on  their  ability  to  detect  minor  anomalies  between  sam- 
ples or  their  ability  to  measure  parameters  which  cannot  be 
determined  with  other  techniques. 

The  full  potential  and  optimum  use  of  many  of  the 
advanced  geophysical  logging  techniques  are  intimately  tied 
to  the  rapid  and  low  cost  advancement  of  unsampled  holes 
between  sampled  holes.  To  permit  more  accurate  extrapolation 
of  stratigraphy  based  on  indirect  borehole  geophysical  methods, 
future  emphasis  must  be  placed  on  the  development  of  equip- 
ment capable  of  rapid,  low  cost,  unsampled  hole  advancement. 
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ELEVATION  ( MBTA  RED  LINE  DATUM) 


B-2 


- 80 


140 


130 


120 


I 10 


100 


3 


- 50 


- 40 


- 30 


- 20 


10 


(PZ) 


SCALE 

HOR.  I"  = 40' 
VER.  I"  = 20' 


LEGEND 

BORING  NUMBER 

|Eyg?JGROUND  SURFACE  ELEVATION 

SM  UNIFIED  SOIL  CLASSIFICATION  SYSTEM  SYMBOLS 
PENETRATION  TEST 

NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D. 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES 


400 


(OW) 

(PZ) 


NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D. 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES  WAS  IN  EXCESS 
OF  400 

WATER  LEVEL  OBSERVED  IN  BOREHOLE  UPON  COMPLETION. 
MAY- JUNE  1979 

WATER  LEVEL  OBSERVED  IN  BOREHOLE  DURING  PUMPING 
OF  DEWATERING  WELL  DW-5,  JULY-AUGUST  1979 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
DETERMINED  FROM  TEST  BORINGS 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  GEOPHYSICAL  NUCLEAR  LOGGING 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  INCOMPLETE  GEOPHYSICAL  DATA 
BOTTOM  OF  EXPLORATION 

OBSERVATION  WELL  OR  PIEZOMETER  INSTALLED  IN 
COMPLETED  BOREHOLE 


BOREHOLE  GEOPHYSICAL  LOGGING 


A 

APPROXIMATE  STRATA  CHANGES 
INFERRED  FROM  NN  AND  NATG  LOGGING 

MISCELLANEOUS  FILL  AND  SAND 

B 

MARINE  CLAY  INFERRED  FROM 
NATURAL  GAMMA  LOGGING 

<=l 

GLACIAL  TILL 
INFERRED  FROM  GG, 
NN  AND  NATG  LOGGING 

DENSE  SANDY  UNIT 

CLAY  LENS  OR  ZONE  OF  GRAVEL, 
COBBLES  AND  BOULDERS 

S 

CLAY  UNIT 

DENSE  SAND  UNIT 

D 

BEDROCK  INFERRED  FROM 
GAMMA-GAMMA  LOGGING 

ZONES  OF  POOR  QUALITY  ROCK  INFERRED 
FROM  SEISMIC  CROSS -HOLE  SURVEY 

llllllllllllll 

FRACTURE  ZONES  INFERRED  FROM 
NUCLEAR  BOREHOLE  LOGGING 

MAJOR  FRACTURE  ZONES  DETERMINED 
FROM  RECOVERED  BEDROCK  CORE 

GENERAL  NOTES 

1.  REFER  TO  APPENDIX  A FOR  DETAILED  LEGEND  AND  NOTES. 

2.  ALL  ELEVATIONS  ARE  IN  FEET  AND  REFER  TO  MBTA  RED 
LINE  DATUM  WHICH  IS  105.87  FEET  BELOW  U.S.C.  8 G.S. 
MEAN  SEA  LEVEL  1929. 

3.  REFER  TO  APPENDIX  C FOR  DETAILED  SUBSURFACE 
EXPLORATION  SUMMARIES. 

4.  SUBSURFACE  STRATIFICATION  LINES  BETWEEN  EXPLORATIONS 
ARE  NECESSARY  INTERPOLATIONS  OF  ALL  AVAILABLE 
INFORMATION  AND  MAY  NOT  AGREE  WITH  ACTUAL  FIELD  CON- 
DITIONS AT  LOCATIONS  OTHER  THAN  AT  THE  EXPLORATIONS. 


B-3 


ELEVATION  (MBTA  RED  LINE  DATUM) 


B-4 


SCALE 

HOR  I"  =40' 
VER,  I"  = 20' 


LEGEND 


400 


BORING  NUMBER 

I^y^GROUND  SURFACE  ELEVATION 

SM  UNIFIED  SOIL  CLASSIFICATION  SYSTEM  SYMBOLS 
PENETRATION  TEST 

NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D. 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES 

NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D. 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES  WAS  IN  EXCESS 
OF  400 

W WATER  LEVEL  OBSERVED  IN  BOREHOLE  UPON  COMPLETION, 
^ MAY- JUNE  1979 

WATER  LEVEL  OBSERVED  IN  BOREHOLE  DURING  PUMPING 
^ OF  DEWATERING  WELL  DW-5,  JULY-AUGUST  1979 

INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
• DETERMINED  FROM  TEST  BORINGS 

INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  GEOPHYSICAL  NUCLEAR  LOGGING 

INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  INCOMPLETE  GEOPHYSICAL  DATA 
BOTTOM  OF  EXPLORATION 

(OW)  OBSERVATION  WELL  OR  PIEZOMETER  INSTALLED  IN 

(PZ)  COMPLETED  BOREHOLE 


BOREHOLE  GEOPHYSICAL  LOGGING 


A 

APPROXIMATE  STRATA  CHANGES 
INFERRED  FROM  NN  AND  NATG  LOGGING 

MISCELLANEOUS  FILL  AND  SAND 

B 

MARINE  CLAY  INFERRED  FROM 
NATURAL  GAMMA  LOGGING 

C| 

GLACIAL  TILL 
INFERRED  FROM  GG, 
NN  AND  NATG  LOGGING 

DENSE  SANDY  UNIT 

Cz 

CLAY  LENS  OR  ZONE  OF  GRAVEL, 
COBBLES  AND  BOULDERS 

^3 

CLAY  UNIT 

DENSE  SAND  UNIT 

D 

BEDROCK  INFERRED  FROM 
GAMMA-GAMMA  LOGGING 

ZONES  OF  POOR  QUALITY  ROCK  INFERRED 
FROM  SEISMIC  CROSS-HOLE  SURVEY 

llllllllllllll 

FRACTURE  ZONES  INFERRED  FROM 
NUCLEAR  BOREHOLE  LOGGING 

MAJOR  FRACTURE  ZONES  DETERMINED 
FROM  RECOVERED  BEDROCK  CORE 

GENERAL  NOTES 

1.  REFER  TO  APPENDIX  A FOR  DETAILED  LEGEND  AND  NOTES. 

2.  ALL  ELEVATIONS  ARE  IN  FEET  AND  REFER  TO  MBTA  RED 
LINE  DATUM  WHICH  IS  105.87  FEET  BELOW  U.S.C.  S G.S. 
MEAN  SEA  LEVEL  1929. 

3.  REFER  TO  APPENDIX  C FOR  DETAILED  SUBSURFACE 
EXPLORATION  SUMMARIES. 

4.  SUBSURFACE  STRATIFICATION  LINES  BETWEEN  EXPLORATIONS 
ARE  NECESSARY  INTERPOLATIONS  OF  ALL  AVAILABLE 
INFORMATION  AND  MAY  NOT  AGREE  WITH  ACTUAL  FIELD  CON- 
DITIONS AT  LOCATIONS  OTHER  THAN  AT  THE  EXPLORATIONS. 


ELEVATION  (MBTA  RED  LINE  DATUM) 


B-6 


-1  140 


LEGEND 


1 


10 


SCALE 

HOR  I " = 40 ' 
VER.  1“  = 20' 


BORING  NUMBER 


[EU29JgR0UND  surface  ELEVATION 


WO 


SM 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM  SYMBOLS 
PENETRATION  TEST 

NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D. 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES 

NUMBER  OF  BLOWS  REQUIRED  TO  DRIVE  A 2 INCH  O.D, 
SPLIT  SPOON  SAMPLER  ONE  FOOT  WITH  A 300  LB. 
HAMMER  FREE  FALLING  24  INCHES  WAS  IN  EXCESS 
OF  400 

WATER  LEVEL  OBSERVED  IN  BOREHOLE  UPON  COMPLETION, 
MAY- JUNE  1979 

WATER  LEVEL  OBSERVED  IN  BOREHOLE  DURING  PUMPING 
OF  DEWATERING  WELL  DW-5,  JULY-AUGUST  1979 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
DETERMINED  FROM  TEST  BORINGS 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  GEOPHYSICAL  NUCLEAR  LOGGING 
INDICATES  APPROXIMATE  LOCATION  OF  STRATA  CHANGE 
INFERRED  FROM  INCOMPLETE  GEOPHYSICAL  DATA 
BOTTOM  OF  EXPLORATION 


(OW)  OBSERVATION  WELL  OR  PIEZOMETER  INSTALLED  IN 

(PZ)  COMPLETED  BOREHOLE 


/ 


BOREHOLE  GEOPHYSICAL  LOGGING 
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O 

<0  3 

Ui 

iD  O 

ii 

u a 

I" 

<n  s 
Z a 

ig 

H 

< 5 


MISCELLANEOUS  FILL  AND  SAND 


MARINE  CLAY  INFERRED  FROM 
NATURAL  GAMMA  LOGGING 

o 

DENSE  SANDY  UNIT 

og 

CLAY  LENS  OR  ZONE  OF  GRAVEL, 

COBBLES  AND  BOULDERS 

H < 
oz 

<q:9 

CLAY  UNIT 

o£< 

O— z 

DENSE  SAND  UNIT 

BEDROCK  INFERRED  FROM 
GAMMA-GAMMA  LOGGING 


ZONES  OF  POOR  QUALITY  ROCK  INFERRED 
FROM  SEISMIC  CROSS-HOLE  SURVEY 


llllllllllllll 


FRACTURE  ZONES  INFERRED  FROM 
NUCLEAR  BOREHOLE  LOGGING 


MAJOR  FRACTURE  ZONES  DETERMINED 
FROM  RECOVERED  BEDROCK  CORE 


GENERAL  NOTES 

1.  REFER  TO  APPENDIX  A FOR  DETAILED  LEGEND  AND  NOTES. 

2.  ALL  ELEVATIONS  ARE  IN  FEET  AND  REFER  TO  MBTA  RED 
LINE  DATUM  WHICH  IS  105.87  FEET  BELOW  U.S.C.  S G.S. 
MEAN  SEA  LEVEL  1929. 

3.  REFER  TO  APPENDIX  C FOR  DETAILED  SUBSURFACE 
EXPLORATION  SUMMARIES. 

4.  SUBSURFACE  STRATIFICATION  LINES  BETWEEN  EXPLORATIONS 
ARE  NECESSARY  INTERPOLATIONS  OF  ALL  AVAILABLE 
INFORMATION  AND  MAY  MOT  AGREE  WITH  ACTUAL  FIELD  CON- 
DITIONS AT  LOCATIONS  OTHER  THAN  AT  THE  EXPLORATIONS. 
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ELEVATION  (MBTA  RED  LINE  DATUM) 
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ELEVATION  (MBTA  RED  LINE  DATUM) 
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ELEVATION  (MBTA  RED  LINE  DATUM) 
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SCALE 

HOR.  I"  = 40’ 
VER.  I"  = 20' 


B-14 


ELEVATION  (MBTA  RED  LINE  DATUM) 


APPENDIX  C 


SUBSURFACE  EXPLORATION  SUMMARIES  AND 
BOREHOLE  NUCLEAR  LOGGING  SUMMARIES 


A subsurface  exploration  summary  sheet  has  been  pre- 
pared for  each  of  the  explorations,  TSCl  through  TSC24,  con- 
ducted during  the  DOT/TSC  project  study.  A summary  sheet  is 
also  included  for  the  ISM  boring  conducted  at  the  Davis 
Square  site. 

The  results  of  the  nuclear  borehole  logging  which  was 
conducted  in  the  majority  of  the  explorations,  is  summarized 
on  facing  pages  for  comparison  with  the  physical  information 
recovered  in  the  borehole. 

Generally,  the  unsampled  portions  of  the  boreholes 
which  are  well  above  the  proposed  tunnel  crown  have  not  been 
included  on  the  summary  sheets  due  to  space  limitations. 

Refer  to  Appendix  A,  Detailed  Legend  and  Notes  for 
explanation  and  definitions  of  the  various  terms  and  symbols 
used  on  the  summary  sheets. 


C-1 


C-3 


C-4 


C-5 


C-6 


C-7 


SUBSURFACE  EXPLORATION  SUMMARY 
EXPLORATION  NO  TSC  7 


HOLIDAY  INN  SITE,  CAMBRIDGE  MA  . 


STATION, 


HOLE  SIZE  (OVERBURDEN), 


(ROCK). 


205  + 62.5  O.B. 


. GROUND  SURFACE  EL. . 


. OFFSET- 


GROUNDWATER  EL. 


CORE  BARREL: 

TYPE  SPLIT  5I2E  2 — 1/  8"  I.D.  pTH  ^ ^ • 9 ~ 8 L . 

typf  nwd-3 


PERMANENT  INSTRUMENTATION  CASING: 

TYpc  I NCL I NOMETER/ "SONDE X"  SETTLEMENT 


ELEV 

(FEET) 


i2,2. 

40.7. 


. aizc.  r • ■ . _ •-  uch^iM  _•  - 

. SI7F  2-1/8"  I.D.  riFPTH  84.0-115.0 


2.3"  I.D.  ABS/3.0" 

I.D.  FLEX.  ADS 

u 114.0'/74.0’ 

BOREHOLE  SEALING; 

GROUT  TYPE  LIME/CEMENT 


- GLACIAL  TILL  - 


GRAY  V DENSE  COARSE  TO 
FINE  SAND,  LI  SILT,  TR 
GRAVEL 

(SfeAV  5AKIbV  S!lt.  tr  clay  ~ 
GRAY  SILTY  SAND,  LI  GRAVEL 
DECOMPOSED  ARGILLITE 

CSEE  NOTE  TSC  11) 

ALTERED  ARGILLITE,  GRAYISH 
GREEN,  SL  WEATHERED,  HARD, 
BRECCIATED,  REHEALED  MACRO 
SHEARS  W FRAC,  JOINTS  £ 

OCC  CLAY  FILLING  £ SHEAR 
ZONES. 


DIABASE,  GREEN,  MOD  WEA- 
THERED, MED  SOFT,  FRAC  £ 
PITTED,  W JOINTS  £ SMEAR 
ZONES 


DIABASE,  SEV  WEATHERED, 
FRAC  W CLAY  FILLINGS 

ALTERED  ARGILLITE,  SL  WEA 
THERED,  MED  HARD,  FRAC  W 
CLAY  FILLED  JOINTS 

DIABASE,  MED  HARD,  FRAC 


ALTERED  ARGILLITE,  GREEN 
SL  WEATHERED,  MED  HARD, 
BRECCIATED 

DIABASE.  FRAC  W JOINTS  ~ 

ALTERED  ARGILLITE,  GREEN, 
SL  WEATHERED,  MED  HARO, 
BRECCIATED  W REHEALED  MAC 
RO  SHEARS,  JOINTS  £ FRAC 

DIABASE.  FRAC  W JOINTS 


ALTERED  ARGILLITE,  GRAYISH 
GREEN,  SL  WEATHERED,  MED 
HARD,  BRECCIATED  £ RE- 
HEALED MACRO  SHEARS,  FRAC 
W SHEAR  ZONES,  DIABASE 
STRINGERS,  CALCITE  £ 

QUARTZ  VEINS 


DIABASE  FRAC  W JOINTS 

altered  ARGILLITE,  GREEN 
MED  HARD,  FRAC 


DEPTH  BAMGF  2-5-115* 
DATE  SEALED  5-22-79 


GROUNDWATER 

DETERMINATION 


ROCK  DISCONTINUITY  SUMMARY 


TYPE 

GEOH 

COND 

FILLING 

JOINT  1 

SHEAR 

X 

o 
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PLANAR 

IRREG 
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CLAY 

CALCITE 
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(A 

L) 
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•ER 

BE 

RG 

.1 

■1IT 

s 

- 

- NO.  LL%  PL%  PI% 

A3  16.8  14.7  2.1 

-CWP)  WATER  PRESSURE  TEST  - 

-w 

_w 

PI 

P2 

, K 

= 2 
= 6 
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X 
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10- 
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:m/ 
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SE 
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c.  - 
C.- 
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X 
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X 
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X 
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X 
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X 

X 

X 

X 

X 

X 
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X 

X 

X 

X 
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X 
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X 

X 

X 

X 

X 
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X 

X 

^ X 

X 

X 

X 

X 
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X 
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X 
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X 
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X 

X 

X 

X 

X 

X 
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X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

DEPTH 

(FEET) 

61 


C-8 


C-9 


C-10 


C-11 


C-12 


C-13 


C-14 


C-15 


C-16 


C-17 


C-18 


C-19 


1 


C-20 


C-21 


SUBSURFACE  EXPLORATION  SUMMARY 
EXPLORATION  NO  TSC  14 


HOLIDAY  INN  SITE,  CAMBRIDGE,  MA 


HOLE  SIZE  (OVERIUROEN). 
CORE  BARREL: 

TYPE  NWQ-3  SPLIT 
type  NWD-  3 


ELEV 

(FEET) 


GRAY  DENSE  GRAVELLY  COARSE 
TO  FINE  SAND,  LI  SILT,  TR 
CLAY  W COBBLES 

- GLACIAL  TILL  - 


STEP  1 

15”  TELESCOPING 
COUPLING 
WATER  SEALANT 
BENEATH  COUPLING 


BROWNISH  GRAY  DENSE,  COARSE 
TO  FINE  SAND,  LI  GRAVEL  S 
SILT  W COBBLES 


STEP  2 & 3 
POP  RIVETS  £ 
ELECTRICAL 
TAPE  OUTERSEAL 


fiTATinu  2 0^  64.5  0.  B. nef^Fr  33.0*  lt 

(R0CK)_3i: GROUND  SURFACE  FI  131.0* 


COMP  date.--Li1§ 

GROUNDWATER  EL. 


SI7F  2-1/3”  1 . D.  depth  90.2-9A.2 
■^I7F  2-1/8”  I.D.  DEPTH  9 - HO  ,_0_’ 


PERMANENT  INSTRUMENTATION  CASING: 

TYPE  INCL  I NOME  TER /"SONDE  X*'  SETTLEMENT 
SIZE  2.3”  1.0.  ABS/3.0”  I.D.  FLEX  ADS 


SILTY  FINE  SAND 


BROWNISH  GRAY  V DENSE 
COARSE  TO  FINE  SAND,  LI 
GRAVEL  £ SILT,  TR  CLAY  W 
COBBLES  £ BOULDERS 

- GLACIAL  TILL  - 

GRAY  V DENSE,  GRAVELLY 
COARSE  TO  FINE  SAND,  LI 
SILT,  TR  CLAY  W COBBLES  £ 
BOULDERS 

- GLACIAL  TILL  - 


DECOMPOSED  DIABASE 


CUT-AWAY  VIEW 


DIABASE,  GREEN,  SL  WEA- 
THERED, MED  HARO,  BRECCIA- 
TED,  REHEALEO  MACRO  SHEARS 
W JOINT,  FRAC,  QUARTZ,  CAL 
CITE  £ EPIDOTE  VEINS 


LIME/CEMENT 

GROUT 


QUICK  COUPLE 
GROUT  VALVE 


DIABASE,  GREEN  SEV  WEA- 
THERED, MED  SOFT,  BRECCIA- 
TED,  FRAC  W SHEAR  70NES  C 
CLAY  FILLING 


BOREHOLE  SEALING; 

GROUT  TYPE  LIME/CEMENT 


DEPTH  RANGE_3. 0-110’ 
DATE  SEALED  ■■  3.-18-79 


GROUNDWATER 

DETERMINATION 


ROCK  DISCONTINUITY  SUMMARY 


BOTTOM  OF  e 


TYPE 

GEOM 

CONO 

FILLING 

JOINT  1 

SHEAR 

MECH 

PLANAR 

IRREG 

iHXOons  1 

o 

o 

tc 

GOUGE 

CLAY 

CALCITE 

1 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

C-22 


C-23 


SUBSURFACE  EXPLORATION  SUMMARY 
EXPLORATION  MO  TSC  15 


LOCATION  holiday  INN  SITE,  CAMBRIDGE.  MA 


STATION. 


205  + 58.5  O.B. 


. OFFSET. 


34.0'  LT 


. COMP.  DATE  -5-14-79 


HOLE  SIZE  (OVERBURDEN). 


5-5/8" 


(R0CK)_V! 


GROUND  SURFACE  EL. 


GROUNDWATER  EL. 


^I7F  2-1/8"  l.D. 

SIZE  


CORE  BARREL: 

TYPE  NWD-3  split 
TYPC  none 


ELEV 

(FEET) 


BROWNISH  GRAY  V DENSE  SILTY 
COARSE  TO  FINE  SAND,  TR 
COARSE  TO  FINE  GRAVEL  W 
COBBLES  e BOULDERS 

- GLACIAL  TILL  - 


STEP  1 

15"  TELESCOPING 
COUPLING 
WATER  SEALANT 
BENEATH  COUPLING' 


DEPTH  75. 0-115. ( 
DEPTH 


ALTERED  ARGILLITE,  GREENISH 
GRAY,  MOD  WEATHERED,  MED 
SOFT,  BRECCIATED  £ JOINTS 


DIABASE,  GREEN,  MOD  WEA- 
THERED, MED  HARO,  BRECCIA- 
TED, REHEALEO  MACRO  SHEARS, 
FRAC,  JOINTS  S CLAY  SEAMS 

STEP  2 £ 3' 


/Ln 


ALTERED  ARGILLITE,  GREENISH 
GRAY,  MOD  WEATHERED,  MED 
SOFT,  BRECCIATED,  REHEALED 
MACRO  SHEARS,  JOINTS,  FRAC 
CLAY  FILLING 


CUT-AWAY  VIEW' 


ALTERED  ARGILLITE,  LIGHT 
GREENISH  GRAY,  SL  WEATHERED 
MED  HARD,  BRECCIATED,  RE- 
HEALED MACRO  SHEARS  W LOCAL 
OPEN  £ CLAY  FILLED  JOINTS  £ 
FRAC  ZONES,  MINOR  TUFF  £ 
DIABASE  INCLUSIONS 


LIME/CEMENT 

GROUT 


QUICK  COUPLE 
GROUT  VALVE- 


ARGILLACEOUS  SANDSTONE, 
LIGHT  GRAY,  SEV  WEATHERED, 
MED  SOFT,  SEV  FRAC  £ PITTED 


DIABASE,  GREEN  SL  WEATHERED 
MED  HARD,  FRAC  W OPEN  £ 

CLAY  FILLED  JOINTS  £ FRAC 


INSTRUMENT 

CASING 

INSTALLATION 

SKETCH 


.r 


.mi. 


uses 

CLASS 


SAMP 

TYPE 


PERMANENT  INSTRUMENTATION  CASING: 

TYPF  1NCL1N0METER/"50NDEX"  SETTLEMENT 
SIZE.  2.3"  l.D.  AES/3.0"  l.D.  FLEX  ADS 


2.5"  l.D.  P.  V.  C. 
EXTRUDED  TELESCOPING 
INCLINOMETER  CASING 


SM 


SC 


BOTTOM  OF  EXPLORAT 


RB 


R2 


R3 


R4 


R5 


R6 


R7 


R8 


R9 


BOREHOLE  SEALING: 

GROUT  TYPE  LIME/CEMENT 


DEPTH  RANGE  5.0-115. 
DATE  SEALED 


GROUNDWATER 

DETERMINATION 


ROCK  DISCONTINUITY  SUMMARY 


TYPE 

6E0M 

COND 

FILLING 

o 

ac 

o 

s 

a: 

< 

a. 

1 smoothI 

o 

o 

o: 

1 GOUGE  1 

o 

m 

QZX 

— o 

X 

X 

h 

X 

X 

X 

X 

X 

X 

X 

X 

X 

i X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

' X 

X 

X 

X 

Y X 

X 

X 

s ^ 

X 

X 

Jl  X 

X 

X 

X 

Ax 

X 

X 

X 

X 

X 

si  X 

X 

X 

X 

^ X 

X 

X 

X 

X 

\ X 

X 

X 

^ X 

X 

X 

^ X 

X 

X 

X 

X 

''  X 

X 

X 

S X 

X 

X 

X 

X 

X 

X 

V 

X 

X 

X 

X 

X 

X 

X 

"T  X 

X 

X 

3 X 

X 

X 

X 

X 

X 

C X 

X 

X 

\ X 

X 

X 

^ X 

X 

X 

\ X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

\ X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

DEPTH 

(FEETl 

61 


C-24 


C-25 


C-26 


C-27 


C-28 


C-29 


C-30 


C-31 


C-32 


C-33 


C-34 


C-35 


C-36 


i 

I 

t 

1 

li 

) 


C-37 


C-38 


m 


C-39 


C-40 


C-41 


C-42 


C-43 


C-44 


APPENDIX  D 


ROCK  CORE  PHOTOGRAPHS 


f FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 

' SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 

BORING  ■ STATION  • OFFSET  RUN  DEPTH  REC  ROD  ■ ROCK  TYPE  RUN  • DEPTH  REC  • ROD  ■ ROCK  TYPE 

rsc  7 ZOS  hZS.OB  28'LT  HI  7SS-795  lOO-  ZT/.  AHGILLITE  R3  840  885'  Z8i  DIABASE 

R2  77S'-B‘>a  100%  SZV-  ARGILLITE  R4  885'  930'  100%  TO'/;  ARGILLITE 


£>OT  TSC  »STO  aECMTEC  lISfCORF^RATEO-  MAUEV  & Al_OR«CH.  If'IC  CAMeRIOOE.  MASS  DATE  tAAY  1^7^ 


1' 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


RUN  DEPTH  REC  ■ ROD  • ROCK  TYPE 

R5  76  0-775'  IOO'%-  53  5i  ARGILLITE 
R6  975-mO  100%  78%  ARGILLITE 


RUN  • DEPTH  REC  • ROD  ROCK  TYPE 

R7  lOZO  lOGS  IOO--  61%  ARGILLITE 
R8  IO(yS'  III  O’  100%  52%  ARGILLITE 


BORING  STATION  OFFSET 

TSC  7 205-625,08  Z80LT 


oAit  HAT  li79 


I BomH  I 
[borehout 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


BORING  STATION  OFFSET 

TSC  7 Z06  -62  5.08  ZR  LT 

TSCI6  203  - It  0.06  3 I LT 


RUN  DEPTH  REC  ROD  ROCK  TYPE 

R7  III  0-115  O'  100%  27%  ARGILLITE 
R1  lOOO-IOn  !Sv.  0%  ARGILLITE 
R2  I0I7-IO27’  33%  0%  ARGILLITE 


RUN  DEPTH  REC  ROD  ROCK  TYPE 


R3  102  7 1030  71% 


ARGILLITE 


MAT  1179 


D-1 


I! 

a 


H 


ll 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 

; STATION  OFFSET  RUN  DEPTH -REC- ROD  ■ ROCK  TYPE  RUN  DEPTH  REC  - ROD  ROCK  TYPE 


BORING  STATION  ■ OFFSET 

r SC  IZ  Z03-IZ,OB  lO-S  RT 
r 5C  B 205-65.0B  /OO  RT 


RUN  DEPTH -REC- ROD 

R!  T6.0'-I0l0'  89*  70% 

Rl  70T-7.5i'  lOO-'-  Qy- 
R2  73  9'  78 100%  60% 


ROCK  TYPE 

ARGILLITE 

ARGILLITE 

argillite 


R3 


78  T -8(  3 
81.  3 -Sfe3 


100% 

100% 


ARGILLITE 
60%  ARGILLITE 
dateAPRIL1179 


Rl 


W5TT0B 


Borehole  o i 


BECHTEL  INCORPORATED/  HALEY  & ALDRICH,  INC 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


RUN  DEPTH  REC  ROD  ROCK  TYPE 

R5  86-3  -873’  /00%  60%  ARGILLITE 
R6  873'-883'  97%  70%  ARGILLITE 
R7  88  3'- 9/ 8'  (00%  83%  ARGILLITE 


RUN  • DEPTH  • REC  ■ ROD  • ROCK  TYPE 

R8  9/  8-93  3'  (00%  337.  DIABASE 

R9  93  3-983'  100%  55%  DIABASE /ARG 
RIO  98.3-/033'  100%  98%  ARGILLITE 


BORING  ■ STATION  ■ OFFSET 

TSC8  205-65,08  (ORT 


DATE  APBtLj319 


OATE 


i BOTTOM 
OF 

^BOREHOLE 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


RUN  • DEPTH  • REC  • ROD  ■ ROCK  TYPE 

Rll  /030-/050'  (00%  92%  ARGILLITE 
RIZ  /090'-/090'  /00%  89%  ARGILLITE 


BORING  STATION  OFFSET 

TSC8  Z05 -65,08  10' RT 


RUN  • DEPTH  • REC  ■ ROD  ROCK  TYPE 

RI3  (090’  I03T  100-  Or-  ARGILLITE 
R19  l03r-n5T  lOO'i  60;.  ARGILLITE 


APRIL  1 9 79 


D-2 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


RUN  DEPTH  • REC  • ROD  • ROCK  TYPE 

R1  85.5-980'  86%  88%  ARG/LL/TE 
R2  880  - 92  5 /oor.  51%  ARGILLITE 
R3  8Z5-87-Q'  100%  8Z%  DIABASE 


BORING  STATION  OFFSET 

TSC8  204-63.0B  75.5'LT 


RUN  ■ DEPTH  • REC  ■ ROD  • ROCK  TYPE 


JUNE,  197? 


OeCMTeL  INCORPORATED/ MALE Y & ALORICK  INC,  CAMBRIOGE.  MASS 


’'♦Yt 

bottom 

L 


iOREHOtt’ 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


BORING  • STATION  OFFSET  RUN  ■ DEPTH  • REC  • ROD  ROCK  TYPE  RUN  ■ DEPTH  ■ REC  ■ ROD  ■ ROCK  TYPE 

rSC  9 201-63,08  755  LT  R1  970 -101  S'  100'^  5/7.  DIABASE 

R5  lOIS'-IOhO'  100-7  872.  DIABASE 


JUNL1979 


D-3 


ij 


BECHTEL  INCORPORATED  HALEY  * ALDRICH  INC.  CAMBRIDGE.  MASS. 


i BOTTOM  , 
Of  ■* 
IBOREHOIX 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


BORING  STATION  • OFFSET 

TSCISr  ZOS'SaSOB  J4  01T 


RUN  • DEPTH  • REC  ■ ROD  • ROCK  TYPE 

HI  ISO'lb.S  iOO-  Z(,y.  ARGILLITE 

RZ  76T-8/2’  lOO-  'll-/-  DIABASE 

R6  lOlQ'  IOkS'  I00-.  lOOv.  DIABASE 


RUN  • DEPTH  REC  ■ ROD  ■ ROCK  TYPE 


T5C  10 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 


SUBSURFACE  EXPLORATIONS  FOR  TRANSIT 


TUNNELING 


BORING  • STATION  • OFFSET 

rSCii  2 0i-68  6.0B  .3ALT 


RUN  DEPTH  • REC  ■ ROD  ■ ROCK  TYPE 

R3  8(Z'-8T5’  98'-  16  - UlABASE/ARG 
RA  81.5'-890'  lOO-i  3I--  ARGILLIIE 


RUN  DEPTH  • REC  ■ ROD  • ROCK  TYPE 

R5  890'  93.V  100  G5  ■ AHGILLITL 
RF  935'  980'  ZOO-  83:.  ARGILLITF 


e MAY  1979 


BECHTEL  INCCMTPORATEO  HALEV  A ALDRICH  ir4C  CAMBRICX5E,  MASS 


SiC  »f5/0 


BOnOM 


or  ■ 

BORfHOiri 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 

f BORING  • STATION  • OFFSET  RUN  DEPTH  REC  ROD  ROCK  TYPE  RUN  DEPTH  REC  ROD  ROCK  TYPE  ’ 

T5C/5  ZOS  bBS.OR  39  LT  R7  980'  1025'  lOO-  S2/-  ARGILLITE  R9  1070'  1115  lOO-  G6V.  ARGILLITE 

R8  IOZ.5'-I070  lOO-A  S3:.  SANDSTONE  RlO  ;il5'-//50  lOO’-  Ifcv.  UiAHASE 


r\AY  1979 


D-4 


OAlt 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 

[ BORING  • STATION  ■ OFFSET  RUN  DEPTH  • REC  • ROD  • ROCK  TYPE  RUN  DEPTH  REC  ROD  • ROCK  TYPE 

T5C  H 20‘lh‘iS.OB  33LT  R1  900  ‘?'l0  96/.  75’.  DIABASE  R3  99  O' - /03  2'  (00  ••  SO.i  DIABASE 

RZ  910'  990'  100-/.  63‘-  DIABASE  H9  (0.5  2'  (Ofi  O'  /OO'.  63/;  DIAHA.Sfc 


nw  1979 


I 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF  ■ 

SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING  ■ 

■ BORING  • STATION  - OFFSET 

■ rSCI9  209  613  08  330’LT 

■ 7 SC  II  2 0.7-105  08  76  5'LT- 

RUN  DEPTH  REC • ROD  ROCK  TYPE  RUN  • DEPTH  • REC  ROD  ROCK  TYPE  ■ 

R5‘  /080’-//00'  I0Q--  OS  DIABASE  ■ 

R1  990-I0Z0'  33/.  O'-  ARGILLITE  ■ 

R2  lOZ  0-1035'  /OO-  Ox  ARGILLITE  ■ 

oor  Tsc  tr 

etiCMTec  INCO«f»OWATeO/'MA^EV  A ALORICH  INC.  CAMBRlOOe.  MASS  OATf  HAT  I'iVV  H 

■ C5 

|||jjjjpj||ll^  1 

■ rsc  1 • H 

■ / Cf  S 

III Ill  ' 

MWT 


FIELD  EVALUATION  OF  ADVANCED  METHODS  OF 
SUBSURFACE  EXPLORATIONS  FOR  TRANSIT  TUNNELING 


BORING  • STATION  OFFSET 

ISn  266  64. 08  6'L7 


RUN  - DEPTH  REC  • ROD  ROCK  TYPE 

RJ  SOO'-i'ZO'  75'x  o;.  ARGILIITE 
RZ  520'-580'  (009  O'/-  ARGILLITE 


RUN  • DEPTH  • REC  • ROD  • ROCK  TYPE 

H3  5ft0’  6,50'  100  /OO'-  AHClU  nV 

RWI  580'  620’  (OO-  AA  AHGILLIII 


: JUNL  1979 


OeCHTeL  IMCO«F»ORATfcD.'HAl.EY  A ACORICM.  IMC-,  CAMeWtOGE.  MASS 


D-5/D-6 


I 


i 

\ 


,1 

I 


APPENDIX  E 


PETROGRAPHIC  ANALYSIS 


HALEY  8i  ALDRICH,  INC. 
CAMBRIDGE,  MASSACHUSETTS 

PETROGRAPHIC  ANALYSIS 

FILE  NO  4284 

SHEET  NO  1 OF  1 

PRn.lFDT  DOT/TSC-1570,  CAMBRIDGE,  MA 

■SAiuipi  F NO  TSCIO  R4 

(11  IF  NT  BECHTEL  INCORPORATED 

DATE  ANALYZED  2 Oct.  79 

1 nCAl  F HOLIDAY  INN  SITE,  MASS.  AVE.,  CAMBRIDGE,  MA 

ANALYZED  BY  J.  Hiqht 

FORMATinN  CAMBRIDGE  ARGILLITE 

REVIEWED  BY  A.W.  Hatheway 

1.  CLASSIFICATION 

II.  MICROSCOPIC  VIEW 

MAGNIFICATION  123x 

1.  CLASS  Metamorphic 

(low  grade) 

2.  TEXTURE  Granular 


3.  ALTERATION  Moderate  to 

extensive 

4.  NAME  Diabase  with  epidote/ 

olivine  vein 


III.  DESCRIPTION  OF  INDIVIDUAL  MINERALS 


MINERAL 

ESTIMATED 

PERCENTAGE 

PHYSICAL  AND  OPTICAL  CHARACTERISTICS 

plagioclose 

30 

labradorite 

sericite 

10 

pyroxene 

20 

calcite 

10 

intergrown  with  serpentine  as  a vein  filling 

quartz 

5 

large  intergrown  crystals 

vein 

quartz  epidote/ 

20 

intergrown,  some  olivine  altered  to  antigorite 

olivine 

feldspar 

opaques 

5 

probably  magnetite 

IV.  FEATURES  OF  ENGINEERING  SIGNIFICANCE  Although  entire  specimen  shows  evidence 
resorption  alteration  with  badly  pitted  crystals,  microfractures  are  very  short  and 
generally  represent  damage  occurring  at  formation.  Other  larger  microfractures  are 

completely  healed  with  products 

of  secondary  alteration.  Rock  appears  to  be  relatively/ 

strong  and  isotropic 

E-1 


HALEY  & ALDRICH,  INC. 
CAMBRIDGE.  MASSACHUSETTS 

PETROGRAPHIC  ANALYSIS 

Fii  F NO  4284 

FHFFTNO  1 OF  1 

SAMPI  F NO  TSC14  R2 

PRO.IFCT  DOT/TSC-1570 . CAMBRIDGE.  MA 

<;ampi  p nppTH  96.3  ft. 

ni  IF  NT  BECHTEL  INCORPORATED 

nATF  ANAI  v7Fn  2 Oct . 79 

1 nCAl  F HOLIDAY  INN  SITE,  MASS.  AVE . , CAMBRIDGE.  MA 

AMAiYZFnRV  J-  Hiqht 

FORMATION  CAMBRIDGE  ARGILLITE 

RFuiFWFn  RY  A.W.  Hatheway 

1.  CLASSIFICATION 

II.  MICROSCOPIC  VIEW 

MAGNIFICATION  123x 

1.  CLASS  Metamorphic 

(low  grade) 

2.  TEXTURE  Xenoblastic 


3.  ALTERATION  Extensive 

sericitization 

4.  NAME  Metatuff 


III.  DESCRIPTION  OF  INDIVIDUAL  MINERALS 


MINERAL 

ESTIMATED 

PERCENTAGE 

PHYSICAL  AND  OPTICAL  CHARACTERISTICS 

sericite 

40 

Little  organic  feldspar 

quartz  epidote 

15 

Veins,  again  ferruginous  remnants  of  epidote 's  parent 

remain;  epidote  intergrown  with  quartz 

pyrites 

5 

Opaque 

chlorite 

40 

Also  occurring  as  secondary  filling  in  veinlets 

IV.  FEATURES  OF  ENGINEERING  SIGNIFICANCE  Numerous  micro  veinlets  of  quartz  suggest  this 

to  be  a microbreeciu  possibly  formed  in  or  near  an  ancient  fault  zone;  longer  fractures 
are  quartz  and  chlorite  filled;  smaller  fractures  filled  with  chlorite  only  rock  appears 
to  be  isotropic  with  regard  to  strength 
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HALEY  & ALDRICH.  INC. 
CAMBRIDGE,  MASSACHUSETTS 

PETROGRAPHIC  ANALYSIS 

Fii  F NO  4284 

FHFFTMO  1 OF  1 

FAMPIFMO  TSC14  R5 

PRn.iFrr  dot/tsc-isvo , Cambridge,  ma 

ri  IF  NT  BECHTEL  INCORPORATED 

DATE  ANALYZED  2 Oct . 79 

1 nCAl  F HOLIDAY  INN  SITE,  MASS.  AVE . , CAMBRIDGE,  MA 

ANAI  YZFO  RV  J.  Hiqht 

FORMATinN  CAMBRIDGE  ARGILLITE 

RFuiFWFORv  A.W.  Hatheway 

1.  CLASSIFICATION 

II.  MICROSCOPIC  VIEW 

MAGNIFICATION  123x 

1.  CLASS  Metamorphic 

(low  grade) 

2.  TEXTURE  clasticA>Teccia 


3.  ALTERATION  sericitization 

epidotization 

4.  NAME  Breccia  in  contact 

with  diabase 


III.  DESCRIPTION  OF  INDIVIDUAL  MINERALS 


MINERAL 

ESTIMATED 

PERCENTAGE 

PHYSICAL  AND  OPTICAL  CHARACTERISTICS 

plagioclase 

45 

labradorite 

epidote 

10 

vein  with  serpentine 

sericite 

5 

slight 

quartz 

5 

hornblende 

5 

breccia 

epidote 

5 

both  intergrown  with  serpentine/epidote  and  as 

quartz 

15 

large  grains 

opaques 

5 

ferruginous  remnant  of  epidote 's  parent 

quartz/feldspar 

5 

groundmass 

IV.  FEATURES  OF  ENGINEERING  SIGNIFICANCE  A composite  specimen  talcen  along  a possible 
shear  zone,  represented  as  nearly  completely  recemented  breccia  in  contact  with  an 
intensely  altered  diabase.  Fractures  in  diabase  are  serpentine  filled  but  tight; 

fractures  in  breccia  are  discontinously  open  and  contain  minor  amounts  of  clay  sized 
material 
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HALEY  & ALDRICH,  INC. 
CAMBRIDGE,  MASSACHUSETTS 

PETROGRAPHIC  ANALYSIS 

FiiFNO  4284 

SHEET  NO.  1 OF  1 

PROJECT  DOT/TSC-1570, 

CAMBRIDGE,  MA 

SAMPIFNO  TSC15  R8 
SAMPLE  DEPTH  106.0  ft. 
OATF  ANAl  Y7Fn  2 OCt.  79 

Cl  IF  NT  BECHTEL  INCORPORATED 

1 OCAl  F HOLIDAY  INN  SITE,  MASS.  AVE.,  CAMBRIDGE,  MA 

ana;  V7FH  RY  J-  Hiqht 
RFvtFWFnHY  A.W.  Hathewav 

FORMATION  CAMBRIDGE  ARGILLITE 

1.  CLASSIFICATION 

II.  MICROSCOPIC  VIEW 

MAGNIFICATION  I23x 

1.  CLASS  Metamorphic 

(low  grade) 

2.  TEXTURE Aphanitic  with 

quartz  veins 

3.  ALTERATION  Extensive 

sericitization 

4.  NAME  Altered  argillite 
with  metatuff  inclusions 


III.  DESCRIPTION  OF  INDIVIDUAL  MINERALS 


MINERAL 

ESTIMATED 

PERCENTAGE 

PHYSICAL  AND  OPTICAL  CHARACTERISTICS 

sericite 

85 

alteration  product  sodic  plagioclose  feldspar 

epidote 

also  the  ferruginous  remnant  of  epidote 

feldspar  (alkali) 

10 

occasional  grains  to  400  u 

quartz 

vein  fillings 

opaques 

5 

IV.  FEATURES  OF  ENGINEERING  SIGNIFICANCE  Numerous  microfractures  in  semi-random 
orientation;  some  relict  bedding, pronouncedly  closely  spaced  microfractures;  this  rock 
probably  does  not  possess  as  much  strength  as  the  other  three  rocks  in  this  series 
analyses 
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SELECTED  ELECTRIC  LOGS 
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APPENDIX  G 


TYPICAL  CROSSHOLE  SEISMIC  SIGNATURES 


70  FEET 
TSCI4 


TSCI7 


TSCI5 


TSC20 


REFRACTED  COMPRESS  I ONAL  WAVES  FROM  UNDERLYING  HIGH  VELOCITY  MATERIALS. 


G-2 


85  FEET 


TSC  10 


TSCI8 


TSC  8 


TSC2I 


G-3 


90  FEET 


TSCI5 


TSCI8 


TSCI6 


TSCI7 


90  FEET 
TSC  15 


TSCI8 


TSC  16 


TSCI7 


EXPANDED  TIME  SCALE  PLAYOUT  CUPPER)  AND  CONDENSED  TIME  SCALE  PLAYOUT  (LOWER). 


G-  4 


80  FEET 


TSCIO 


TSCI8 


TSC  8 


TSC2I 


95  FEET 
TSC  1 2 


TSCI3 


TSC  I I 


TSC24 


TYPICAL  WAVEFORMS. 
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95  FEET 


TSCI2 


TSCI3 


TSC  I I 


■ — . ■ I 


TSC24 


95  FEET 


TSC  15 


TSCI8 


TSC  16 


TSCI7 


95  FEET 


TSC  15 


TSCI8 


TSC  16 


TSC  1 7 


EXPANDED  PLAYOUT  IN  LOWER  HALF.  NOTE  GROUND  ROLL  AT  TSC17  CAUSED  BY  PASSING  VEHICLES. 
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APPENDIX  H 


SEISMIC  CROSSHOLE  SECTIONS 


CROSSHOLE  TEST  SERIES 
I 


TSC2I  TSCIO  TSCI8  TSC8 


H-1 


CROSSHOLE  TEST  SERIES 
2 


TSC20  TSCI4  TSCI7  TSCI5 


VER.  l”  = 20‘ 


H-2 


CROSSHOLE  TEST  SERIES 
3 


TSCI9  TSC9  TSCI6  TSC7 


SCALE 

HOR.  l"s40' 
VER.  l"»20‘ 


H-3 


CROSSHOLE  TEST  SERIES 


4A 


4B 


TSCI8  TSCI7  TSCI6  TSCI7  TSCI5 


H-4 


CROSSHOLE  TEST  SERIES 


5A 


58 


TSC7 


TSCI7 


TSCI5  TSCI7 


HOR.  l"  = 40' 
VER.  l"  = 20‘ 


H-5 


CROSSHOLE  TEST  SERIES 
5C 


TSC8  TSCI7 


VER.  l"  = 20 


H-6 


CROSSHOLE  TEST  SERIES 


6A 


6B 


SCALE 

HOR.  l''  = 40' 
VER.  l"=20’ 


H-7 


CROSSHOLE  TEST  SERIES 


7A 


7B 


SCALE 

HOR.  l"  = 40' 
VER.  l"  = 20‘ 


H-8 


CROSSHOLE  TEST  SERIES 
7C 


SCALE 

HOR.  l"  = 40 
VER.  \"-ZO 


H-9/  H-10 


APPENDIX  I 


LABORATORY  PERMEABILITY  TEST  RESULTS 


Boring 

Sample 

Depth  (ft. ) 

Description 

Symbol 

Method 

10 

PI 

76.5  - 77.1 

Gray  SILT 

• 

Falling  head 

A 

Constant  head 

I-l 


0.70 


0,65 


,60 


cT 

«k 


Q55 


0.  50 


0.45 


aooool 


0.0001 


COEFFICIENT 


0.001  0.01 

OF  PER  M E ABILITY,  K (cm./sec.) 


0.1 


1.0 


Boring  sample  Depth (ft. ) 
10  PI  77.1  - 78.0 


Description 

Gray  coarse  to  fine  SAND,  trace  silt 
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APPENDIX  J 


LABORATORY  GRAIN  SIZE 


DISTRIBUTION  CURVES 


COBBLES 


Test  No.  Boring  Sample 
1 7 1 


GRAVEL 

SAND 

COARSE  1 FINE 

COARSeI  medium  I FINE 

UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Depth (ft) 


Description 


70-72 


Gray  coarse  to  fine  SAND,  little  silt, 
little  gravel 


2 


7 


2a 


72-73.-4 


Gray  silty  medium  to  fine  SAND,  trace 
gravel 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No. 

3 

4 


Boring 

7 

7 


Sample 

2b 

3 


Depth (ft)  LL%  PL%  PI% 
73.4  - 73.8  16.8  14.7  2.1 

74-74.9  - - _ 


Description 

Gray  Scuidy  SILT,  trace  clay 

Gray  silty  coarse  to  fine 
SAND,  little  gravel 


J-1 


COBBLES 


GRAVEL 

SAND 

COARSE  1 FINE 

COARSeI  medium  I FINE 

SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No.  Boring 

5 9 

6 9 

7 9 


Sample  Depth (ft) 

1 70-71 

2 72-72.5 

3 75-77 


Description 

Gray  silty  coarse  to  fine  SAND,  little 
gravel 

Gray  gravelly  coarse  to  fine  SAND,  little  silt 
Gray  gravelly  coarse  to  fine  SAND,  little  silt 


Test  No. 
8 

9 


10 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CORPS  OF  ENGINEERS,  U.S  ARMY 


Boring 

Sample 

Depth  (ft) 

Description 

9 

4 

77-78.5 

Gray  gravelly 
silt 

coarse 

to 

fine 

SAND,  little 

9 

5 

79-80.5 

Gray  gravelly 
silt 

coarse 

to 

fine 

SAND,  little 

9 

6 

83.0-83.2 

Gray  gravelly 
trace  clay 

coarse 

to 

fine 

SAND, little  ! 

3-2 


I 


I 

i 


i 


j 


COARSE 


COARSE  MEDIUM 


FINE 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CORPS  OF  ENGINEERS,  U.S  ARMY 
Test  No.  Boring  Sample  Depth (ft)  Description 

Gray  silty  medium  to  fine  SAND,  trace  gravel, 
trace  clay 

Gray  silty  medium  to  fine  SAND,  trace  gravel 


11 

12 

13 


10 

10 

10 


D1 

1 

2 


65-65.3 

67.7-69.7 

70.0-70.8 


Gray  silty  medium  to  fine  SAND,  trace  gravel 


I 

I 


14 

15 


16A 

16B 


COARSE 


i|  ME 


FINE 


SILT  OH  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No.  Boring  Sample  Depth (ft)  Description 


10 

10 


10 

10 


PI 

PI 


72-73.5 

74-76 


76.6-77.1 

77.1-78 


19.3 

11.3 


Gray  silty  medium  to  fine  SAND 
- Gray  silty  coarse  to  fine  SAND, 

little  gravel 
(137.1)  Gray  sandy  SILT 

Gray  gravelly  coarse  to  fine 
SAND,  trace  silt 


J-3 


UNin£D  SOIL  CLASSIFICATION  SYSTFM.  CORPS  OF  £NGIN££N$,  U.S  ARMY 


Test  No. 

Boring 

Sample 

Depth (ft) 

Description 

17 

10 

5 

78-80 

Gray  gravelly  coarse 

to  fine  SAND,  little  silt 

18 

10 

6 

80.5-82.0 

Gray  silty  coarse  to 
trace  clay 

fine  SAND,  trace  gravel. 

19 

10 

7 

83-84.3 

Gray  silty  medium  to 

fine  SAND,  trace  gravel 

10  10  0 1 
GRAIN  S!Z£  IN  MILLIM£T£RS 


GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  I FINE 

SILT  OR  CLAY 


Boring 

10 


UNIFI£D  SOIL  CLASSIFICATION  SYSTFkt.  CORPS  OF  £NG!N££RS.  U.S  ARMY 


Sample  Depth  (ft) 
Cl  86-89.5 


PI%  Description 


89.5-90.3  32.0  18.1  13.9 


Gray  gravelly  SILT,  some 
sand,  little  clay 

Gray  sandy  GRAVEL,  little 
silt,  trace  clay 


J-4 


! 


I 

j 

i 

i 


FINE 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No. 
22 

Boring 

11 

Sample 

1 

Depth (ft) 
65-66.4 

LL%  PL%  PI% 

Description 

Gray  sandy  GRAVEL,  little  silt 

23 

11 

3 

72-72.8 

non-plastic 

Gray  silty  medium  to  fine 
SAND,  little  gravel 

24 

11 

4 

74-74.5 

- 

Gray  silty  medium  to  fine 

SAND 


GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  1 FINE 

SILT  OR  CLAY 


25 

26 
27 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CORPS  OF  ENGINEERS,  U.S  ARMY 
Boring  Sample  Depth (ft)  Description 

Gray  coarse  to  fine  SAND,  little  silt 


11 

11 

11 


76-77 

81-81.9 

83-83.8 


Gray  coarse  to  fine  SAND,  little  silt 
Gray  silty  coarse  to  fine  SAND 


J-5 

1 


I 


COBBLES 


COARSE 


FINE 


COARSE  MEDIUM 


FINE 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEN,  CORPS  OF  ENGINEERS,  US  ARAfY 

Test  No.  Boring  Sample  Depth  (ft)  Description 

Gray  coarse  to  fine  SAND,  little  silt, 
trace  gravel 


28 

29 


11 

11 

11 


9 

10 

11 


85-86.2 

87-87.5 

90-90.7 


Gray  silty  coarse  to  fine  SAND,  little 
gravel 

Gray  silty  medixim  to  fine  SAND,  trace 
gravel 


rest  No, 

31 

32 

33 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  US  ARMY 


Boring  Sample  Depth (ft) 
11  12  92-92.7 

11  13  95-95.8 


Description 

Gray  silty  coarse  to  fine  SAND,  little  gravel 

Gray  silty  coarse  to  fine  SAND,  little 
gravel 


11 


14  97.5-98  Gray  gravelly  coarse  to  fine  SAND,  little 

silt 


] 

! 


J-6 


COBBLES 

Test  No.  Boring  Sample 

34  12  1 

35  12  2 

36  12  3 


I COARSE  I FINE  |COAR$E|  MEP»UM  j FINE  | 

UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CONPS  OF  ENGINEERS,  U.S  ARMY 
Depth (ft)  LL%  PL%  PI%  Description 

60-61.5  18.1  13.3  4.8  Gray  gravelly  coarse  to  fine  SAND, 

little  silt,  trace  clay 

62-63.4  18.4  13.3  5.1  Gray  silty  coarse  to  fine 

SAND,  little  gravel,  little 
clay 


SILT  OR  CLAY 


64-64.9 


16.7  13.7  3.0 


Gray  silty  coarse  to  fine  SA^JP.,, 
little  gravel,  little  clay 


Test 

37 

38 

39 


GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  I FINE 

SILT  OR  CLAY 


No.  Boring  Scimple  Depth  (ft)  LL%  PL% 
40.0 
45.3 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CORPS  OF  ENGINEERS.  U.S  ARMY 


12 

12 

12 


4 

5 

5A 


66-68 
68-68.5 
69.9-70.9 


PL% 

15.2 

18.2 


PI%  Description 

24.8  Gray  silty  CLAY,  little  fine  sand 
27.1  Gray  silty  CLAY,  some  sand 
Gray  silty  coarse  to  fine 
SAND,  little  gravel,  trace 


clay 


J-7 


] 

i 

J 

' f 


Test  No. 

Borinq 

Sample 

UNIFIED 
Depth  (ft) 

SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 
Description 

40 

12 

6 

69.9-70.9 

Gray  silty  coarse  to  fine  SAND, 

trace  gravel 

41 

12 

7 

72-73 

Gray  silty  coarse  to  fine  SAND, 
gravel 

little 

42 

12 

8 

74.5-76.5 

Gray  coarse  to  fine  SAND,  little 

silt 

UNIFIED  SOIL  CLASSIFICATION  STSTEM,  CONPS  OF  ENGINEERS,  U.S  ARMY 


Test  No. 

Borinq 

Sample 

Depth  (ft) 

Description 

43 

12 

9 

76.5-78.5 

Gray  medium  to  fine  SAND, 

trace  silt 

44 

12 

10 

78.5-79.9 

Gray  medium  to  fine  SAND, 

little  silt 

45 

12 

11 

81-81.8 

Gray  silty  medium  to  fine 

SAND 

J-8 


I 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM.  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No.  Boring  Sample  Depth (ft)  LL%  PL%  PI%  Description 


85-86.5 

87-89 


non-plastic 
16.2  14.6  1.6 

non-plastic 


Gray  silty  coarse  to  fine  SAND, 
little  gravel 

Gray  gravelly  coarse  to  fine 
SAND,  little  silt 
Gray  silty  coarse  to  fine 
SAND,  trace  gravel 


GRAIN  SIZE  IN  MILLIMETERS 


GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  I FINE 

GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  ] FINE 

SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 
Test  No.  Boring  Sample  Depth (ft)  Description 

Gray  silty  medium  to  fine  SAND,  trace  gravel 
Gray  silty  medium  to  fine  SAND,  trace  gravel 
Gray  silty  coarse  to  fine  SAND,  little 
gravel 


49 

12 

15 

89-90.3 

50 

12 

16 

91-92 

51 

12 

17 

93-93.6 

J-9 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Test  No. 

Boring 

Sample 

Depth (ft) 

Description 

52 

12 

18 

95-95.8 

Gray  silty  coarse  to 

fine 

SAND, 

little  gravel 

53 

12 

19 

97-97.3 

Gray  silty  coarse  to 
gravel,  trace  clay 

fine 

SAND, 

little 

54 

12 

20 

98-98.3 

Gray  silty  coarse  to 
gravel,  trace  clay 

fine 

SAND, 

little 

Test  No 

55 

56 

57 


COARSE 


FINE 


SILT  OR  CLAY 


Boring 

13 


Sample 

1 

2 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 
Depth (ft)  Description 

60-62  Gray  silty  medixim  to  fine  SAND,  little  gravel,  little  clay 

65-66.5  Gray  silty  medium  to  fine  SAND,  little 

gravel,  little  clay 


13  3 70-72 


Gray  clayey  SILT,  little  sand,  trace 
gravel 


1 


j| 

ij 


J-10 


COBBLES 


GRAVEL 

SAND 

C04RSE  1 FINE 

coarse]  medium  I FINE 

SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 
rest  No.  Boring  Sample  Depth (ft)  Description 

Gray  medium  to  fine  SAND,  little  silt, 
little  gravel 


58 

59 

60 


13 

13 

13 


75-76.8 

80-82 

85-86 


Gray  medium  to  fine  SAND,  little  gravel, 
trace  silt 

Gray  silty  coarse  to  fine  SAND,  trace 
gravel 


Test  No 
61 

62 


COBBLES 


GRAVEL 

SAND 

COARSE  1 FINE 

coarse]  medium  ] FINE 

SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 
Boring  Sample  Depth (ft) 

7 


13 

13 


8 


90-91.5 

95-95.8 


Description 

Gray  silty  medium  to  fine  SAND 


Gray  silty  coarse  to  fine  SAND,  little 
gravel 


J-11 


GRAVEL 

SANO 

COARSE  1 FINE 

COARSeI  medium  I FINE 

SILT  OR  CLAY 


63 

64 


Boring 

14 


14 

14 


Sample 

1 

2 

3 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CONPS  OF  ENCINEENS,  U.S  ARMY 
Depth (ft)  Description 

Gray  gravelly  coarse  to  fine  SAND,  little  silt 


70-71.5 

75-77 


little  silt,  trace 


Grav  coarse  to  fine  SAND, 
gravel 

Gray  coarse  to  fine  SAND,  little  gravel, 
little  silt,  trace  clay 

Gray  gravelly  coarse  to  fine  SAND,  little 
silt,  trace  clay 


SILT  OR  CLAY 


UNIFIED  SOIL  CLASSIFICATION  SYSTEM,  CORPS  OF  ENGINEERS,  U.S  ARMY 


Boring  Sample  Depth (ft)  Description 

15  SI  70-72  Gray  silty  coarse  to  fine  SAND,  trace 

gravel 


J-12 


APPENDIX  K 


REPORT  OF  NEW  TECHNOLOGY 


The  work  performed  under  this  contract,  while  leading  to  no 
new  technological  inventions,  has  evaluated  existing  new  and 
innovative  methods  of  subsurface  explorations  for  rapid 
transit  tunneling.  Conclusions  and  recommendations  regarding 
the  various  types  of  equipment  and  procedures  are  intended  to 
expand  and  improve  the  level  of  geotechnical  information 
obtained  from  subsurface  exploration  programs. 
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